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Abstract 
Piloderma is one of the most recognizable ectomycorrhizal fungi in many forest 
ecosystems in North America. It is a broad host range fungus commonly observed in many 
economically important coniferous and deciduous trees in central interior British Columbia. 
Piloderma may benefit these forests through increased soil mineral weathering and nutrient 
availability. This thesis investigates the role of Piloderma in the weathering of common 
soil minerals to supply K and/or Mg in the rhizosphere soils of Picea glauca. I also 
documented the changes in the physical, chemical and mineralogical properties of 
rhizosphere soils influenced by Pilodermaand other common ectomycorrhizal fungi . 
In the first study, I investigated the role of Piloderma in weathering and extracting 
K and/or Mg from biotite, microcline, and chlorite. Specifically, I compared the in vitro 
growth, morphology, and chemical properties of Piloderma growing within three K and/or 
Mg-containing minerals that are commonly found in soils of central interior British 
Columbia. Piloderma cultures were grown for 110 days in medium enriched with K and/or 
Mg from biotite, microcline, and chlorite, in K and Mg poor media and in medium 
optimized for proper fungal growth. Chemical analysis indicated that Piloderma more 
efficiently weathered biotite to obtain K over microcline. The different growth, 
morphologies, and small amounts ofMg found in all treatments indicated that chlorite and 
biotite provide a sufficient supply ofMg. Piloderma grown in treatments with insufficient 
K showed distinct fibrillar growths, hypha! swellings, and hyphae devoid of ornamentation 
and could be indicative of nutrient deficiency. This study indicated that considerable 
amounts of K and minor amounts of Mg are essential for !"roper Piloderma growth and, 
perhaps more that Piloderma could provide sufficient amounts of K from the weathering of 
biotite. 
In the second study, the pH, total C and N, cation exchange capacity, and the 
contents of mica, chlorite, kaolinite, 2:1 type expandable clays, and amorphous materials 
were compared between two ectomycorrhizosphere soils (soils containing considerable 
ectomycorrhizal colonization) and non-ectomycorrhizosphere soils (bulk) of Picea glauca x 
engelmannii (Moench.) Voss) to elucidate the role of ectomycorrhizae on the chemical and 
mineralogical properties of soils in the field. The two ectomycorrhizosphere soils were 
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characterized by colonization dominated by (1) Piloderma, and (2) Inocybe lacera-like and 
· Hebeloma-like morphotypes or where Piloderma colonization was <1 %. Results showed 
that pH was one unit lower in ectomycorrhizosphere compared to non-
ectomycorrhizosphere soils. Total C and N were significantly higher in 
ectomycorrhizosphere soils where C was three times higher and N was two times higher 
than non-ectomycorrhizosphere soils. Cation exchange capacity as well as exchangeable 
K+, and Na+ were higher in ectomycorrhizosphere soils compared to bulk soils where K+ 
>Na+. Base saturation was significantly lower in non-ectomycorrhizal soils compared to 
both ectomycorrhizosphere soils. Compared to bulk soils X-ray diffraction did suggest the 
transformation of mica and chlorite to 2:1 type expandable clays in ectomycorrhizosphere 
soils. 
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Chapter I - Introduction 
Soil supplies plants with necessary elements for proper growth largely from the 
transformation or weathering of primary minerals enhanced by the activity of 
microorganisms. Biogeochemical processes in soil weathering occur largely in soil 
microenvironments where pH (Nye 1981; Marschner and Romheld 1983), cation-exchange 
equilibria (Chung and Zasoski 1994), organic carbon/acid concentrations (Gardner et al. 
1982), metal availability (Sarkar and Wyn Jones 1982), monosaccharide contents (Dormaar 
1988), grain-size distribution (Sarkar et al. 1979), moisture, and mineral composition can be 
different from that ofbulk soil or soil influenced to a lesser extent by the activity of living 
roots. One important and least understood microenvironment is the area surrounding the 
rootlets of plants called the rhizosphere. First introduced by L. Hiltner in 1904, rhizosphere 
was defined as that volume of soil surrounding roots in which growth is stimulated. 
Currently, the term rhizosphere has been broken down to include the endorhizosphere, 
rhizoplane, and ectorhizosphere (Sorensen 1997). Endorhizosphere includes the spaces 
around the mucoid layer, epidermal layer including the root hairs, and the cortical layer. 
Rhizoplane refers to the root surface, and ectorhizosphere comprises soil that extends a few 
millimeters from the root surface (Sorensen 1997; Curl and Truelove 1986). The unique 
morphology of many ectomycorrhizal fungi extends the rhizosphere from 3 mm to several 
centimeters, or possibly even meters in highly rhizomorphic ectorhizosphere. Due to 
emanating hyphae and rhizomorphic structures, extended ectorhizosphere zones are termed 
the "mycorrhizosphere" (Molina and Amaranth us 1990; Harley 1989; Read et a!. 1985; 
Tinker 1975), and more specifically the ectomycorrhizosphere. 
Ectomycorrhizae (ECM) are integral parts in healthy forest ecosystems where fungal 
biomass can exceed that of all microorganisms combined (Brady, 1990). As a result, their 
biomass represents a significant portion of the nutrient pool, and their activities are the key to 
providing or limiting access to nutrients for plant growth. In the forests of British Columbia, 
as much as 90% of tree root tips can be colonized with ectomycorrhizal fungi (Simard et a!. 
1997). These root-fungal associations modify many soil processes including mineral 
weathering and the release of bound nutrients, making them available to plants (Perry et al. 
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1987). Berthelin and Leyval (1982) indirectly demonstrated that the dissolution ofbiotite (K 
and Mg rich mica) in the rhizosphere of maize (Zea mays L.) was primarily due to 
endomycorrhizal fungi and bacteria. In 1978, Mojallali and Weed reported that infection of 
soybean (Glycine max [L.] Merr.) roots by Glomus macrocarpus (an endomycorrhizal 
fungus) accelerated the process ofK release from mica (phlogopite) in soil. 
Studies have elucidated that ECM play a direct role in mineral weathering and the 
release of bound nutrients. Furthermore, weathering of soil minerals is dependent on the 
species (of microorganism) involved (Berthelin 1983). For example, Cromack, Jr. et al. 
(1979) reported that Hysterangium crassum on Douglas-fir could supply a high amount of 
oxalate to extract the Fe and Al from andesite. In vitro studies conducted by Paris et al. 
( 1994) found that Pax ill us involutus and Rhizopogon luteolus could release the NH4 + ions 
trapped in the interlayer space of vermiculite. Suillus granulatus and Piloderma croceum 
were found to connect calcium feldspars and homblends to the tree root in granitic rocks in 
Sweden (Jongmans et al. 1997). It was suggested that these connections formed by 
ectomycorrhizal fungi made it possible to directly supply basic cations such asK+, Mg2+, and 
Ca2+ from the minerals . Most recently, Wallander and Wickman (1999) studied Paxillus 
involutus and Suillus variegatus associated with Pinus sylvestris seedlings in mobilizing K 
from biotite and microcline. Results indicated that seedlings colonized with S. variegatus 
tended to be more efficient in the uptake ofK from biotite. In addition, microcline-induced 
growth depression in all seedlings except those colonized by S. variegatus . 
Although ECM are known to benefit plants by providing essential nutrients, factors 
governing the association ofECM fungi with certain minerals or ECM-mineral specificity 
(Arocena et al. 1999) are least understood. If an ectomycorrhizal fungus prefers a specific 
mineral as source of certain element for its biomass production, then that ECM can be used 
to supply that element to the trees growing in nutrient-poor soils in B.C and elsewhere. 
There is a need to understand the biogeochemical processes involved in mineral weathering 
in hybrid spruce rhizospheres and its relationships to ectomycorrhizae. In addition, little is 
known about the ectomycorrhizal diversity on Picea glauca x engelmannii. In the future, the 
knowledge put forth by this study may be used in management practices to protect, rebuild, 
and sustain healthy Picea glauca x engelmannii stands. 
The objectives of this thesis were to : 
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1) Elucidate the concept of fungus-mineral relationships and their importance to long-
term nutrient supply. Specifically, to investigate from in vitro weathering experiments the 
preference of Piloderma for biotite, chlorite, and microcline as a source ofK and Mg. I will 
compare the growth, morphology, and chemical partitioning between hyphae and 
encrustations on Piloderma grown in the different minerals. 
2) Determine the chemical and mineralogical properties of soils influenced by various 
species of fungi growing on roots of hybrid white spruce, Pice a glauca x engelmannii 
(Moench.). Specifically, soil pH, total C and N, cation exchange properties, the contents of 
mica, chlorite, kaolinite, feldspars, 2:1 expanding clays and amorphous minerals will be 
compared between soils collected from non-ectomycorrhizosphere and two 
ectomycorrhizosphere soils in the Ae horizon of a Gray Luvisol in the central interior of 
British Columbia. 
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Chapter II - Literature Review 
2.1 What are mycorrhizae? 
Perhaps the most widespread, and from a nutritional standpoint, more significant 
associations between plants and microorganisms are those formed between roots and a wide 
variety of soil fungi (Marschner 1995). A root infected with a fungus is called mycorrhizae, 
which literally means "fungus root". The significance ofmycorrhizae stems from the fact that 
in nutrient poor conditions, at least 90% of the 'feeding roots ' of a tree are colonized by 
ectomycorrhizal fungi (Read 1997) 
Mycorrhizae represent an intimate symbiotic association between the fine roots of 
plants and specialized fungi. The known benefits of mycorrhizae to plants include enhanced 
water and nutrient uptake, protection against pathogens, improved resistance to drought, 
enlarged root systems, and tolerance to heavy metals (Molina and Amaranthus 1990). More 
specifically, ectomycorrhizae form intricate, often-colorful, sheaths or mantles around feeder 
roots of temperate trees and shrubs. The hyphae of ectomycorrhizae penetrate the 
intercellular or apoplastic space of the root cortex called the "Hartig Net", a zone of nutrient 
exchange between fungus and host (Foster et al. 1983). 
2.2 Rhizosphere 
The biogeochemical processes in the rhizosphere may modify soil solution chemistry 
of the root zone leading to changes in soil properties such as pH and redox potential 
(McBride 1994). Many of the organic compounds found in the ectomycorhizosphere have 
acidic functional groups, such as carboxyl and phenolic groups (Killham 1994). As a result, 
pH in rhizosphere soils is 2-3 units lower than in bulk soils. The concentration of protons is 
directly related to the degree of weathering of many primary minerals (Hinsinger et al. 1993 ). 
Chung and Zasoski (1994) found that the cation exchange equilibrium was higher in 
rhizosphere soils compared to that in bulk soils. 
2.3 Fungal dynamics 
Fungal biomass within the humic layer of many soils can be much greater than that 
found in mineral soil (Harvey et al. 1976). From 69 to 72% of the total mycorrhizal roots 
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have been shown to be located in the organic fraction of mature stands of Abies lasiocarpa 
(Hook.) Nutt., Abies amabilis (Dougl.) Forbes, and Picea glauca x engelmannii (Moench.) 
Voss- Abies lasiocarpa (Kimmins and Hawkes 1978; Harvey et al. 1979; Vogt et al. 1981 a). 
However, Abies concolor (Gord. and Glend.) Lindl. Ex Hildebr. seedlings (white fir) were 
found to be more productive in mineral soil devoid of organic layers (Alvarez et al. 1979). 
The increased growth was attributed to different predominant mycorrhizal fungi colonizing 
their root systems. Abies pindrow (Royle) also grew poorly in thick humic layers (Bakshi 
1974). Vogt et al. (1981b) found 80% Abies amabilis (Pacific silver fir) roots colonized by 
Cenococcum to be located in the humus and A-horizon. In addition, sclerotia (fungal 
reproductive structures) were predominantly located in the A-horizon. With this in mind, it is 
clear that fungi dominant not only in humus but may also possibly in mineral soils. The exact 
role that they play is largely unknown. However, there have been studies to elucidate fungi as 
integral players in mineral soil processes. 
2.4 Biologically induced mineral weathering 
2.4.1 What is mineral weathering? 
Mineral weathering generally occurs whenever water comes into contact with primary 
mineral (chlorites, micas, feldspars, etc). Generally an irreversible process, soil weathering is 
a result of cation exchange, hydration, and oxidation (McBride 1994 ). The mechanisms are 
influenced by the relative amounts of hydrogen ions in solution (Brady 1990). Protons can 
penetrate into the octahedral sheets of phyllosilicates and replace Al ions to destabilize the 
2:1 layer phyllosilicate and cause increased weathering. Organic acids found in the 
rhizosphere also increase soil weathering by serv1ng as electron donors to unfilled orbitals of 
cations and metals which, in tum, facilitates their removal from rhizosphere soil solution 
(Fanning et a!. 1989). 
Secondary mineral formation from primary minerals is determined by the relative 
rates at which the weathering process takes place. The susceptibility of weathering is based 
on the arrangement of connected silica tetrahedra within its structure (McBride 1994 ). Some 
primary minerals, such as quartz, have very stable silica arrangements, while 2:1 
phyllosilicates (micas) or sheet silicates have structures that are susceptible to chemical 
weathering. Weathering products (secondary minerals) in the clay fractions of soils are 
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mainly sheet silicates (smectite, vermiculite). 
The release of particular elements into the soil solution is a direct indicator of the type 
of mineral present. A soil solution high inK indicates weathering ofK-rich primary minerals . 
For example, 2:1 layer phyllosilicate mica loses its structural K rapidly by a process of cation 
exchange with protons or metal ions in the weathering solution (McBride 1994). K-rich 
feldspars (microcline) are the largest natural reserve ofK in many soils and dictate the K 
status in many soils (Huang 1989; de Leenheer 1950; Phillippe and White 1952; Jeffries et 
al. 1956). After quartz and K-feldspars, the micas are the next most extensive group of 
minerals in many parent materials. Since micas in most soils originate form parent materials 
and tend to weather to other minerals, they are generally more prevalent in the clay 
mineralogy of younger, less weathered soils and are less prevalent in more weathered soils 
(Iacksonetal. 1948, 1952;HseungandJackson 1952;Jackson 1959, 1964). Upon 
weathering, the micas are known to be an important K source for growing plants. Chlorite, a 
2:1:1 layer silicate, can form as an alteration/weathering product of biotite and is present in 
many soils worldwide. Chlorites, however, are not as abundant as some other clay minerals 
(micas) but, when present, can supply significant amounts of Mg. The low frequency is 
mainly due to the low stability of chlorite (Barnhisel and Bertsch 1989). 
2.4.2 Roots 
Biological weathering of minerals (primarily silicates) occurs in the rhizosphere 
zones of higher plants (Robert and Berthelin 1986). One of the first published studies showed 
the intensified weathering of interstratified minerals in the rhizosphere of French bean 
(Phaseolus vulgare L.) (Sarkar et al. 197>}. Berthelin and Leyva! (1982) demonstrated 
considerable biotite weathering could take place in the rhizosphere of maize plants (Zea mays 
L.) growing in axenic conditions, i.e., without any rhizosphere microorganisms. They 
concluded that plant roots themselves could induce silicate weathering. In addition, 
biological weathering induced by the activities of the roots can occur in a very short period of 
time. Hinsinger et al. (1993) found that vermiculization oftrioctahedral mica (phlogopite) in 
the rhizosphere zones ofltalian rye grass (Lolium multiflorum cv. Lemtal) and rape (Brassica 
napus), occurs in as little as four days. Recently, specific root mineral associations and 
mineral changes in the rhizosphere of field-grown com were reported by Kodama et a!. 
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( 1994 ). April and Keller ( 1990) observed biotite weathering close to the surfaces in some 
selected forest soils. Most recently, Courchesne and Gobran (1997) studied the mineralogy 
of bulk and rhizosphere soils to find the effect of roots on mineral weathering in a Podzol 
supporting Norway spruce (Picea abies (L.) Karst). Not surprisingly, the amounts of 
amphiboles and expandable phyllosilicates were significantly lower to that found in bulk 
soils. 
2.4.3 Soil microorganisms 
Except for the work conducted by April and Keller (1990) and Courchesne and 
Gobran (1997), there has been little work on mineral weathering in naturally occurring forest 
soils. More importantly, most of the previous studies have been conducted in highly artificial 
laboratory systems in the absence of microorganisms. Soil weathering processes are not only 
strongly influenced by roots themselves but by the presence of microorganisms (Berthelin 
1988). Specifically, Berthelin (1983) indicated that weathering of soil minerals is dependent 
on the species of microorganism involved. 
2.4.4 Fungi 
Soil weathering induced by endo and ectomycorrhizal fungi has been documented in 
laboratory experiments. In 1978, Mojallali and Weed reported that colonization of soybean 
(Glycine max [L.] Merr.) roots by Glomus macrocarpus accelerated the process ofK release 
from mica (phlogopite) in soil. Berthelin and Leyval (1982) indirectly demonstrated that the 
dissolution ofbiotite in the rhizosphere of maize was primarily due to endomycorrhizal fungi 
and bacteria. This information may have sparked the study by Leyva) and Berthelin (1991) 
where pine roots (Pinus sylvestris L.) were inoculated with the ectomycorrhizal fungus 
Laccaria laccata and an acid-producing rhizobacterium (Agrobacterium sp.) to look at the 
weathering of phlogopite. Results indicated that K losses were greater for the phlogopite 
particles closely attached to the mycorrhizae. In addition, the mycorrhizal effect was 
attributed to an increase of exchange surface area, rather than an increase in acidity. 
Many studies have attributed increased soil weathering to be a result of chemical 
changes induced by the metabolic products released from mycorrhizal fungi . Robert and 
Berthelin (1986) concluded that biochemical soil weathering is a result of secretions of living 
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organisms. More specifically, changes in pH (Cumming and Weinstein 1990), metal-
chelating substances (Lapeyrie 1988), and organic acids (Cromack eta!. 1979; Lapeyrie eta/. 
1990; Malajczuk and Cromack 1982) by fungi may play a role in soil weathering. Ochs eta/. 
(1993) tested the ability of root exudates of mycorrhizal spruce seedlings to dissolve Al oxide 
and found that they were more efficient weathering agents at pH 4 than the exudates from 
non-mycorrhizal seedlings or humic materials. 
Some researchers have suggested that intense chemical weathering could be attributed 
to calcium oxalate secreted by the hypogeous fungi Hysterangium crassum (Cromack eta!. 
1979) and Monotropa mycorrhizae (Snetselaar and Whitney 1990). Oxalate synthesis was 
also found in the mycorrhizal fungus Paxillus involutus and was able to solubilize phosphate 
in lime rich soil (Lapeyrie 1988). In contrast, Cromack et al. (1977) reported that fungi 
accumulate calcium oxalate in their tissues and release oxalic acid and soluble forms of 
calcium oxalate as by products. Oxalic acid can form stable metal complexes with other 
metal cations thus influencing soil weathering as well as the release ofP, Fe, and Al 
hydroxyphosphates from minerals. 
Early studies have concluded that organic acids produced by fungal mats could 
increase weathering. Tan et al. (1978) found the mycorrhizal fungus Pisolithus tinctorius to 
influence soil structure by producing humic compounds. Organic acids were attributed to Fe 
and P losses from upper soil profiles infected with Hydnellum ferrugineum (Hintikka and 
Naykki 1967), and Fisher (1972) with Hydnaceae fungal mats. Fisher (1972) also observed 
greater depletion of Ca, Mg, and Al in the upper part of the A horizon in fungal colonized 
soil. These early studies have concluded that organic acids produced by fungal mats could 
have increased weathering. In addition, organic acids secreted by mycorrhizal fungi have 
been attributed to solubilizing P from rock phosphate or Fe and Al hydroxy phosphates 
(Bowen 1973). Recently, weatherable minerals have been shown to have minute tubular 
pores in their structure, formed by organic acids exuded by fungi (Jongmans eta!. 1997). 
These symbiotic mycorrhizal fungi are believed to translocate the dissolved minerals from 
these isolated micropores directly to the host plants by their hyphal systems. 
2.5 Nutrient allocation 
Ectomycorrhizal fungi allow roots to explore beyond nutrient depletion zones that 
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develop around them (Sylvia 1998). Roots free of fungal associations soon produce these 
depletion zones when nutrients are removed from the soil faster than they can be replaced. 
This is especially true for less mobile ions such as phosphate, copper and zinc. Fungal 
hyphae can readily go beyond these depletion zones and make essential nutrients available to 
plants. In addition, because of their narrow diameter, fungal hyphae are particularly efficient 
in nutrient absorption. Having a smaller diameter prevents depletion zones because the 
diffusion gradient for a nutrient is inversely proportional to the radius of the absorbing unit 
(Sylvia 1998). This was also seen with ectomycorrhizae mantle thickness where thinner 
mantles were more effective in nutrient absorption (Harley and McCready 1952). Leyval and 
Berthelin (1991) suggested that the role of mycorrhizal fungi is only to increase the 
absorptive area. The ability to extract nutrients from a much larger soil volume than the 
absorptive zone of non-mycorrhizal roots is especially important with plants which have a 
poorly branched root system (Rhodes and Gerdemann 1975). The effects ofmycorrhizae 
were documented in pine seedlings where Pisolithus arhizus mycorrhizae accounted for less 
than 20% of the total nutrient absorbing surface mass, and 80% of the absorbing surface area 
(Rousseau eta!. 1994). In addition to hyphae extending the absorptive surface area of roots, 
ectomycorrhizae produce hormones that promote branching of feeder roots for certain 
systems. This not only increases the absorbing root surface but also the contact and exchange 
zone between fungus and plant (Molina and Amaranthus 1990). In contrast, Wallander eta!. 
(1997) found ectomycorrhiza-infected pine seedlings (Pinus sylvestris) had smaller root 
systems than non-mycorrhizal plants. 
Many of the products released by fungi are a result of cation exchange. Metabolic 
products are excreted while others are absorbed into the fungal tissue. The fungus Hebeloma 
crustuliniforme greatly increased ammonium uptake in exchange for H+ in Douglas-fir 
(Pseudotsuga menziesii (Mirb.) Franco.), Sitka Spruce (Picea sitchensis (Bong.) Carr.), and 
western Hemlock (Tsuga heterophylla (Raf.) Sarg.)(Rygiewicz et al. 1984). Mycorrhizal 
fungi are particularly efficient in absorbing less mobile ions such as phosphorus (Bolan 1991; 
Gianinazzi-Pearson and Gianinazzi 1986; Harley and Smith 1983; Bowen 1973). Pine 
seedlings (Pinus sylvestris L.) colonized with Suillus variegatus and Paxillus involutus had 
higher concentrations of P in their shoots compared with non-mycorrhizal seedlings 
(Wallander et al. 1997). Majstrik (1970) established that for different kinds of 
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ectomycorrhizae, the rates of adsorption of phosphate ions are also different. 
Fungi, in addition to their absorption capabilities, have been found to accumulate 
nutrients in their mantles. Ectomycorrhizae may accumulate P in their outer fungal mantle 
(Harley and Smith 1983; Morrison 1962). It was postulated by Marschner (1995) that Sr, an 
element with similar uptake mechanisms to that of Ca, accumulates in fungal mantles. Many 
metals like Pb, Cd, Al, as well as Si are known to accumulate in ectomycorrhizal mantles 
(Tumau et al. 1994). The accumulation of specific elements could be the specificity of 
different kinds of mycorrhizal fungi to transport specific elements into plants. 
An interesting observation by Langlois and Fortin (1978) was that "yellow" 
mycorrhizae absorbed 3, 10, and 16 times more H2P04- than "white", "brown", and "black" 
mycorrhizae, respectively. However, Wallander et al. (1997) found pine seedlings colonized 
with Piloderma croceum (a yellow mycorrhizal) fungus had low amounts of Pin their shoots 
when compared to seedling colonized with white (Suillus variegatus) and light brown 
(Paxillus involutus) types. 
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1Chapter III- The Weathering of Biotite as a Potassium source for 
Piloderma sp. 
3.1 Introduction 
The bright yellow color and wide distribution of some Piloderma species make them 
easily recognizable mycorrhizal fungi in North America. Being a broad host-range 
ectomycorrhizal fungus (Molina eta/. 1992), Piloderma should in theory be found on an 
array of plants, including most ofthe economically important coniferous and deciduous trees 
of central British Columbia (BC). Piloderma is reportedly found in decaying wood or 
fragmented litter (Goodman and Trofymow 1996; Nylund 1981; Zak 1976), in acid humus 
under litter or moss (Agerer 1987 -1998). Earlier reports indicated that Piloderma is confined 
to organic materials (Goodman and Trofymow 1996), but Arocena eta/. (1999) documented 
its abundance not only in organic horizons but in Luvisolic Ae horizons in central BC. 
Piloderma sporocarps are not as conspicuous but taxonomic analysis by Larsen et a/. (1997) 
indicated that they are present in rotten wood, under moss,' and among roots in the litter layer. 
Piloderma has been isolated into pure culture and used in synthesis and physiology 
experiments (Nylund 1981; Nylund and Unestam 1982; Nylund 1987; Massicotte eta/. 
1993). Piloderma species, like other ectomycorrhizal fungi, are believed to increase cation 
uptake of plant roots through increased absorbing surface area contributed by fungal mycelia 
(Sylvia 1998), chelation, or indirectly by influencing soil microbial activity (Grayston et al. 
1996). 
Studies have elucidated that ECM provide nutrients to the plants through a direct role 
in mineral weathering and subsequent release ofbound nutrients. Furthermore, weathering of 
soil minerals is dependent on the species ofmicroorganism involved (Berthelin 1983). For 
example, Cromack eta/. (1979) reported that Hysteramgium. crassum in Douglas-fir could 
supply high amounts of oxalate to extract the Fe and Al from andesite. In vitro studies by 
Paris eta/. (1994) found that Paxillus involutus and Rhizopogon luteolus could release the 
NH4 + ions trapped in the inter layer space of vermiculite. In Sweeden, Sui// us granulatus and 
1 A version of this manuscript will be submitted to the Can. J. Bot. 
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Piloderma croceum were found to connect calcium feldspars and hornblende to the tree root 
in granitic rocks (Jongmans et al. 1997). It was suggested that this link may supply cations 
such asK+, Mg2+, and Ca2+ from the minerals directly to the roots. Most recently, Wallander 
and Wickman ( 1999) indicated that Pinus sylvestris seedlings colonized by S. variegatus 
tended to be more efficient in the uptake ofK from biotite than microcline. In addition, 
microcline addition induced growth depression in seedlings except those colonized by 
Paxillus involutus. In North America, most soils are rich in primary minerals such as biotite 
(mica), microcline (K-Feldspar), and chlorite (2: 1:1 layer silicate). These minerals serve as 
major sources ofK and Mg, which are considered macronutrients, as they are found at 
concentrations of 10 and 5 gkg-1 in dry tissue of most vascular plants (Raven et al. 1999). K-
feldspars (microcline) are the largest natural reserve of K in many soils (Huang 1989). After 
K-feldspars, micas are the third most extensive group of minerals in soil parent materials and 
are generally more prevalent in the clay fraction of young, less weathered soils and are less 
prevalent in more weathered soils (Jackson 1959, 1964). Upon weathering, the micas are an 
important K source for growing plants. Chlorite, a 2:1:1 layer silicate, can form as an 
alteration/weathering product ofbiotite. Chlorites, however, are not as abundant asK-
feldspars and micas, but when present, can supply significant amounts of Mg. The low 
content of chlorite in soils is mainly due to the low stability of chlorite (Barnhisel and 
Bertsch 1989). 
In the forests of central BC, soil parent materials have undergone relatively little 
weathering and pedogenesis (Arocena and Sanborn 1999) and are rich in mica, feldspars, and 
chlorite (Floate 1966; Luttermerding 1992; Kodama 1979). Arocena et al. ( 1999) recently 
reported mica and chlorite in the eluvial horizons of Gray Luvisol could be as high as 220 
and 100 g kg- 1 in the clay fraction, respectively. In other areas in central and northeastern 
interior BC, Arocena and Sanborn (1999) reported contents of mica and chlorite as high as 
650 g kg- 1 and >300 g kg- 1, respectively, in the eluvial horizons. In addition, they found that 
K-rich feldspars could be as high as 150 g kg- 1 in the sand fraction. 
Although ECM are known to benefit plants by providing essential nutrients, factors 
governing the association of ECM with certain minerals (Arocena et al. 1999) are least 
understood. To date, there have been few studies that have directly explored ECM and their 
preference in extracting essential elements from certain soil minerals . If an ECM can utilize a 
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specific mineral as source of certain element for its biomass production, then that ECM can 
be used to supply that element to trees growing in nutrient-poor soils. 
The objective of this study was to address fungus-mineral associations and its 
importance to long-term nutrient supply. Specifically, this study investigates through in vitro 
weathering experiments the "association" of Piloderma with biotite, chlorite, and microcline 
as a source ofK and Mg. We compared the growth, morphology, and chemical partitioning 
between hyphae and encrustations on Piloderma grown in the different minerals. 
3.2 Methods 
3.2.1 Isolation of Piloderma 
Piloderma colonizing Picea glauca x engelmannii ((Moench.) Voss) root tips were 
collected near the campus of University ofNorthem British Columbia located in the central 
interior ofBC, Canada (53° 54' N 123° 49' W). Within 2 hrs of collection, 100-120 healthy-
looking ectomycorrhizae (ECM) were washed in deionized water, immersed in cold 
deionized water, stored at 4 °C, and plated in a growth medium. Prior to plating, ECM were 
surface sterilized by dipping root tips in (i) 85% ethanol (1-2 sec), (ii) 30% H20 2 for 
approximately 15±10 sec, and (iii) rinsed three times in sterile deionized water for 50±30 sec 
(Danielson 1984). After sterilization, three to four ECM were transferred to petri plates 
(100x15mm) of modified Melin-Norkrans (MMN) (Marx 1969) and potato dextrose agar 
(PDA) (Difco) with 100 ppm streptomycin, 50 ppm chlorotetracycline, and 2-5 ppm of 
benomyl (a fungicide to inhibit the growth of Ascomycetes) (Danielson 1984). Plates were 
incubated at room temperature (20-25 °C) and examined regularly for 2-4 months to avoid 
bacterial and fungal contamination. When bright yellow fungal growth emanating from the 
root tips was observed, isolates were transferred to MMN and modified MMN2 media (Table 
3 .1.) without antibiotics and fungicides and stored at 4 °C in the dark. These Piloderma 
cultures were tentatively assumed to be Pilodera fallax since no sporocarp collection was 
possible. Once cultures grew through one half of the plate, Piloderma pure cultures were 
stored at 4 oc. All media were autoclaved (liquid cycle) at 121 °C at 103 kPa for 15 minutes . 
3.2.2 Plate preparation and inoculation 
Piloderma was grown in customized MMN2 plates (Figs. 3.2a-c) enriched with (i) 
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biotite (trioctahedral mica), (ii) chlorite (2: 1:1 later silicate), and (iii) microcline (K-feldspar) 
and in MMN2 plates with no mineral (control). Biotite [K(Mg,Fe2+)3(Al,Fe3+)3Si3 
0 10(0H,F)z] (Fig. 3.2g) served as a source ofK and Mg, chlorite 
[(Mg,Fe2+)5Al(Si3Al)010(0H)s] (Fig. 3.2h) supplied Mg, and microcline [KA1Si30 8] (Fig. 
3.2i) supplied K for the growing fungus. To ensure that the growing fungus extracts K and 
Mg from the minerals, K and Mg contents in MMN2 medium was essentially eliminated 
(Table 3.1). In addition, Piloderma was grown in MMN media (optimal, nutrient rich) for 
comparison with mineral-modified MMN2 media and the control. The composition of MMN 
and MMN2 is given in Table 3.1. 
To increase the surface area of the minerals, biotite, chlorite, and microcline were 
ground to silt size (2-53 m) fraction using a coffee grinder (Braun©) for biotite and chlorite 
and mortar and pestle for chlorite. Ground minerals were dry sieved at 53 m to remove 
sand (53-2000 m) and larger fragments while the homogeneous mixture of silt sized 
particles were obtained after the clay-sized particles ( <2 m) were removed by successive 
dispersion/sedimentation technique using the principle of Stoke's Law (Sheldrick and Wang 
1993). Approximately 0.05 g of each mineral was placed in 0.2 ml Eppendorf/micro 
(Gordon Technology) tubes and autoclaved (MDT Castle™ steam sterilizer) with the lid 
open at 121 °C for 15 min at 103 kPa on the dry cycle. 
MMN2 and MMN media were autoclaved at 121 °C for 15 minutes at 103 kPa and 
allowed to cool to 50 °C before pouring into 100x150mm petri-plates. Each plate contained 
32 ml ofMMN2 or MMN. To add biotite, chlorite, and microcline to the surface ofMMN2 
and to ensure that the mineral would be confined to a 3 em diameter in the center of each 
plate, a special petri dish lid with a 3 em diameter barrier (Fig. 3.2a.) extended down to the 
agar surface was used. In addition, the lid was fitted with a paper barrier to prevent air 
currents from dispersing the mineral outside the 3-cm area. Before the addition of mineral, 
the lid was sterilized with 85% ethanol (bottom) and allowed to dry. Once dry, the lid was 
placed on the MMN2 plate (centered on a level petri-swivel) where approximately 0.05 g of 
sterile mineral was added followed by 4-6 drops of sterile de-ionized water (Fig. 3.2a) to 
dissipate static electricity and air currents that can easily scatter the mineral. While the 
MMN2 plate was being spun, a glass rod (0.5x10 em) bent at the end was used to spread the 
mineral over the mineral circle, a 3-cm diameter area in the center of each plate (Fig. 3 .2b ). If 
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needed, a few drops of sterile water were added to homogeneously spread the mineral over 
the agar surface. The original (non-modified) petri-lid was then placed on the plate and 
allowed to dry (1-6 hrs) on a level surface to prevent further dispersion of water-saturated 
mineral. To ensure that the mineral edge could be located after the fungal growth, sterile 14 
kg test fishing line (Berkley™) cut into 1cm lengths was placed around the mineral circle as 
markers (Figs. 3.2c-f). All plates were examined using a dissecting microscope and plates 
with mineral outside of the guides were discarded. All plates were then stored at room 
temperature until inoculation. 
Five replicate plates containing MMN2 enriched with biotite, chlorite, and 
microcline, MMN2, and MMN were inoculated with four MMN2 plugs of Piloderma 
(0.5x0.5 em). All treatments were incubated at room temperature for 110 days (Fig. 3.1). 
3.2.3 Growth rate 
The maximum lateral growth (mm) of Piloderma in each treatment was recorded 
every two weeks from the inoculation point until the fungus grew to the petri-dish edge in 
one of the five treatments. The growth of Piloderma in each treatment was analyzed with 
Statistica™ version 5 (Statsoft Inc. 1995) using non-linear user-specified estimation and the 
logistic growth model given by: 
Growth (mm) =aM/a + (M-a)e - kM(Days) (1) 
Where, a = theoretical growth at time zero, M = maximum theoretical growth, k = shape and 
slope parameter (Stewart 1991). Growth model parameters were calculated from five 
replicates in each treatment. 
3.2.4 Morphological and chemical analysis 
Morphological properties and chemical composition of hyphae and ornaments were 
examined under the microscope after 110 days of growth. Agar plugs (approximately 1 x 0.5 
em) colonized with Piloderma was sampled outside of the mineral circle (Fig. 3.2f) from 
three replicates for each treatment, mounted on aluminum stubs with double sided tape, and 
freeze-dried for 24 hrs using a Labconco TM freeze dry/shell freeze system. Once dried, 
samples were Au-sputter-coated for 100 seconds and examined using a Philips XL30 
Scanning Electron Microscope equipped with an EDAX™ energy dispersive system (SEM-
15 
EDS) for morphology and in situ chemical composition of ornaments and hyphae. Carbon, 0, 
Na, Mg, Al, Si, K, Ca, and Fe contents (expressed as a weight percent) of ornaments and 
hyphae were determined from energy dispersive spectrum collected for 200s (20kV) using a 
standardless EDS technique and correction factors for Z (atomic number), A (absorption), 
and F (fluorescence). Mean chemical composition for each treatment was calculated by spot 
analysis often lenticular and verrucose crystals and hyphal wall areas (where ornaments 
were absent) in each of three replicates in each treatment. 
3.2.5 Statistical analysis 
Analysis of data was conducted by ANOVA using Statistica™ version 5 (Statsoft Inc., 
1995). Post hoc comparison of significantly different means was made using planned LSD 
test statistics. Since sample sizes in each treatment were equal, tests for homogeneity of 
variances and normal distribution were not conducted. 
3.3 Results 
3.3.1 Growth 
Piloderma growth from the inoculation plug was bright yellow (2.5Y 8/8) (Munsell 
color notation), but sometimes at the initial stages exhibited white color (2.5Y 811) that later 
turned to bright yellow. With the exception of the MMN2 treatment, all treatments exhibited 
a cottony-like growth that extended up to 0-5 mm above the agar surface (Figs. 3.2d-f). The 
MMN2 treatment exhibited less dense, sometimes rhizomorphic, growth and very rarely 
extended more than 1 mm above the agar surface. 
Piloderma had growth patterns with distinct lag, exponential or accelerated growth. 
decline, and stationary phases according to the fit (r = 0.99) of growth data to the logistic 
growth model given in Eq. 1 (Figs. 3.3a-e). With theoretical maximum growth (M) at 36.9, 
and a k = 0.0013, the biotite treatment had significantly strongest growth among all 
treatments (Figs. 3 .3a-e ). The biotite treatment exhibited a shorter lag period than all other 
treatments. Decline and stationary phases were not evident as growth in biotite was still in 
the exponential phase at 110 days of growth. Chlorite, microcline, and MMN2 treatments had 
similar growth as shown by similar M values (Figs. 3.3b-d). However, chlorite had a k of 
0.0099 that was significantly lower compared to the k in microcline (k = 0.0041) and MMN2 
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(k = 0.0058). Although not significantly different with respect toM, the microcline treatment 
had slightly more growth than MMN2 and chlorite treatments. Chlorite, microcline, and 
MMN2 treatments exhibited distinct lag, exponential, decline, and stationary phases. MMN 
treatment had significantly less growth than biotite treatment but had higher growth 
compared to chlorite, microcline, and MMN2 treatments (Fig. 3.3e). The MMN treatment 
had the longest lag phase but similar to biotite, was still in the exponential growth phase at 
110 days. 
3.3.2 Morphology 
In all treatments, Piloderma hyphae (2-3 11m wide) were encrusted with verrucose and 
lenticular ornaments (Figs. 3.4a-f, h-k) . In biotite samples, the verrucose and lenticular 
ornaments were distinct and ranged in size from 0.2-0.4 11m and 2-7 11m long, respectively 
(Fig. 3 .4a). The density of verrucose ornaments varied but there usually were 8-15 
ornaments in one 11m length ofhyphal surface. Lenticular ornaments occurred sporadically 
and can be as abundant as 10-14 but usually ranged from 0-4 ornaments for every 1 0 11m 
length of hyphae. In chlorite treatment (Fig. 3.4b), verrucose ornaments were less distinct as 
they were sometimes flattened and had a size and density of 0.2-111m and 2-6 ornamentS per 
11m, respectively. Lenticular ornaments were present in similar amounts but were usually 1-
21-lm smaller than those found in biotite. In the chlorite treatment, it was common to observe 
hyphae that were devoid of ornaments. The microcline and MMN2 treatments had (i) a large 
portion of hyphae without ornaments (Figs. 3.4c, f, h, i), (ii) lenticular ornaments ( 4-7 every 
10 11m) confined to single hyphae devoid of verrucose ornaments (Figs. 3.4c, e, f), and (iii) 
fibrillar material and localized hyphal swellings which were not seen in the other treatments 
(Figs. 3.4c-i). Microcline treatments occasionally had considerable amounts of small (0.05-
0.21-lm) and underdeveloped verrucose ornaments (Fig. 3.4d). In both treatments (microcline 
and MMN2), the density of verrucose ornaments was usually 2-7 per 11m length of hyphae. In 
MMN2 treatment, rare, large, bursted swollen hypha! cells containing 3-4% Na were 
observed (Fig. 3.4g). Hyphae in MMN (nutrient rich) treatments (Figs. 3.4j, k) were 
encrusted with copious amounts of well-developed large, lenticular ornaments similar in size 
and density to those observed in biotite treatment. Verrucose ornaments were present in large 
amounts but were larger (0.5-1.0 11m wide) and denser (10-22/llm) than biotite treatment. 
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3.3.3 Chemical composition of ornaments and hyphae between treatments 
In all types of ornaments, C was significantly higher in mineral (biotite, chlorite and 
microcline) treatments compared to both MMN and MMN2 treatments (Table 3.2). However, 
hyphae had similar amounts of C in chlorite and MMN2 treatments. In ornaments and 
hyphae, 0 was significantly highest in MMN2 treatments. Carbon and 0 together were the 
most abundant and were 83-91%, 84-95%, and 86-95% in lenticular ornaments, verrucose 
ornaments, and hyphal walls, respectively. Generally, the least amount of C and highest 
amount of 0 was found in lenticular ornaments in all treatments. Even though differences 
were found between treatments, the Na content was 1-2% in ornaments and hyphae. 
Lenticular ornaments in chlorite and microcline treatments had the highest amount of N a at 
2%. At 0. 7-1%, the Mg content was significantly highest in MMN treatments for ornaments 
and hyphal walls. With the exception of verrucose ornaments, significantly higher amounts 
ofMg were found in chlorite treatment compared to MMN2 and microcline treatments. At 
0.5%, there was significantly higher amounts ofMg in hyphae from the biotite treatment 
compared to the MMN2 and microcline treatments (0.3%). Generally, there was higher Mg 
in biotite and chlorite treatments (0.3-0.5%) compared to MMN2 and microcline treatments 
(0.2-0.4%). Aland Si in ornaments and hyphae were found at 1 % in all treatments. In the 
MMN treatment, ornaments and hyphae exhibited 12.5-30 times more K than in the chlorite, 
microcline and MMN2 treatments (0.2-0.4%). Ornaments and hyphae in biotite treatments 
had 7.5-15 times K than in the chlorite, microcline and MMN2 treatments. No differences 
were found in K contents between the chlorite, microcline, and MMN2 treatments. Ca was 
significantly highest in the MMN treatment at 9%, 4%, and 3% for lenticular ornaments, 
verrucose ornaments, and hyphal walls, respectively. Verrucose ornaments and hyphae in the 
biotite treatment had significantly higher Ca than in the chlorite, microcline, and MMN2 
treatments. The Fe content in ornaments and hyphae in all treatments was significantly 
highest in chlorite treatment and ranged from 0.6-2%. 
3.3.4 Chemical composition of ornaments and hyphae within treatments 
Except for the biotite treatment, C was significantly lower in lenticular ornaments 
than in verrucose ornaments and hyphal walls, while 0, with the exception ofmicrocline, 
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was significantly higher in lenticular ornaments in all treatments (Table 3.2). In the biotite, 
MMN2, and MMN treatments, Na was lowest in the lenticular ornaments. There were little 
differences with respect to amounts ofMg, Al, and Si between ornaments and hyphae in all 
treatments. The microcline, MMN2, and MMN treatments had significantly lower K in 
lenticular ornaments compared to the amounts in verrucose ornaments and hyphae. In all 
treatments, Ca was significantly highest (2-4 times) in lenticular ornaments compared to 
amounts in the verrucose ornaments and hyphal walls. Iron was lowest in lenticular 
ornaments in the chlorite, microcline, and MMN2 treatments. In general, all elements, except 
for 0 and Ca, were lowest in lenticular ornaments than in verrucose ornaments and hyphal 
walls. Verrucose ornaments and hyphae had similar elemental composition in all treatments. 
3:4 Discussion 
3.4.1 Growth of Piloderma 
Typical in vitro logistic growth of a fungus is chronologically divided into (i) initial 
stage where no measurable growth occurs (also called lag phase), (ii) accelerated or 
exponential growth phase, (iii) a period of declining growth rate, (iv) a stationary phase, and 
finally (v) death (Griffin 1981). During the 110-day growth period in this study, Piloderma 
exhibited evident lag and exponential phases in all treatments and the growth data exhibited 
excellent fit into Eq. 1. Except for the biotite treatment, the lag phase lasted approximately 20 
days, a period corresponding to the physiological preparation for the exponential phase, and 
largely influenced by the nature of nutrients in the medium (Griffin 1981; Machi lis 1957). 
Differences in lag phases between treatments might indicate differential preference of 
Piloderma for soil minerals as a source ofK. The unusually long lag phase (approximately 
40 days) in the MMN treatment might be related to the sub-optimum nutrient levels for 
Piloderma during the initial stage of growth. The exponential growth phase was relatively 
short-lived in the chlorite, microcline, and MMN2 treatments, possibly because of the 
unavailability ofK, as the exponential phase is strongly affected by available nutrients 
(Griffin 1981 ). The availability of nutrients, particularly K, might be responsible for the 
continued exponential growth phase after 110 days in biotite and MMN treatments. The 
decline in growth as well as the stationary phase observed after 60-80 days in the chlorite, 
microcline, and MMN2 treatments might be due to low nutrient availability, particularly K 
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and Mg, elements, known to be responsible for enzymatic activity, carbohydrate metabolism, 
and ionic balance. Although his work was not with ectomycorrhizal fungi, Smith (1924) 
found that decline in growth, after the exponential phase, is probably caused by limited 
availability of nutrients to Botrytis. Insufficient nutrients, particularly K+, could hamper 
biological transport processes such as excretion ofNa+ and H+ to avoid toxic levels in hyphae 
(Griffin 1981, Isaac; 1991). 
3.4.2 Morphology of ornaments and hyphae 
The presence of verrucose and large lenticular crystals on Piloderma hyphae is 
similar to ornaments reported for other species of fungus (e.g., Cromack et al. 1979; Amott 
and Webb 1983; Whitney and Amott 1986a, 1986b, 1987; Lapeyrie et al. 1990; Snetselaar 
and Whitney 1990; Jones et al. 1992; Connolly and Jellison 1994; Arocena et al. 1999). For 
example, Resinicium bicolor (Connolly and Jellison 1994) and Agaricus bisporus (Whitney 
and Amott 1986a) have styloid crystals about 5-40 11m in size and elongated rod-like to 
plate-like crystals, respectively. The well-developed ornaments in the biotite and MMN 
treatments could be an indicator of healthy Piloderma because of high M values. In contrast, 
the smaller and less frequent ornaments found in the chlorite, microcline and MMN2 
treatments might be attributed to poor nutrient availability as growth in these treatments was 
characterized by low M values. In addition, lenticular crystals confined to single hyphae 
devoid of verrucose ornaments in the microcline and MMN treatments might be due to 
several reasons: (i) partitioning of limited supply of K, (ii) early stage of crystal formation, or 
(iii) growth of ( +) or (-) hyphal strains. The presence of fibrillar and swellings could also be a 
morphological indicator of nutrient deficiency. In the nutrient poor media (MMN2), burst 
cells with 3-4% Na might indicate that the transport system for the removal ofNa is no 
longer functioning. This might be similar to marine fungi that take up K+ and extrude Na+ 
and H+ preventing the accumulation ofNa+, which might otherwise reach toxic levels (Isaac 
1991). The high levels ofNa possibly increased the osmotic pressure and caused the cells to 
burst. However, it was not determined whether freeze-drying during sample preparation 
could have caused these cells to burst. 
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3.4.3 Chemical composition of ornaments and hyphae 
Not surprisingly, C and 0 were most abundant in ornaments and hyphae as they 
constitute major structural elements of fungi (Griffin 1981 ). The low amount of C in the 
MMN2 treatment could be due to retarded growth. The high contents of K in ornaments and 
hyphae for the biotite and MMN treatments suggest that these elements are essential for 
proper Piloderma growth and required at levels around 1o-3 M as macronutrients (Griffin 
1981 ). The low levels of K might have resulted from retarded Piloderma growth in the 
chlorite, microcline, and MMN2 treatments. It is possible that K could substitute for Mg, 
when Mg is in short supply. Wallander and Wickman (1999) demonstrated that Pinus 
sylvestris seedlings, inoculated with Paxillus involutus and Suillus variegatus, could 
substitute Mg forK in severe K deficient treatments. The low levels of Si, AI, Fe, and Na in 
ornaments and hyphae could indicate that these elements are required at the micronutrient 
level at <10-6 gkg -I . Griffin (1981) indicated that most fungi require Fe as a micronutrient 
at concentrations of 1 o-6 M. 
The higher Ca, C and 0 contents in lenticular compared to verrucose ornaments and 
hypha! walls in all treatments support earlier studies (Cromack et al. 1979; Snetselaar and 
Whitney 1987; Graustein et al. 1977) that hyphal ornaments are composed ofCa-oxalate. 
The high C content in ornaments could indicate a carbon to Ca-oxalate complex, or the 
ornaments being coated by an organic sheath similar to the polysaccharide-rich materials 
coating Ca-oxalate crystals on Paxillus involutus described by Lapeyrie et al. (1990). If 
verrucose ornaments are coated with an organic sheath, it is possible that verrucose 
ornaments are an early-stage predecessor to lenticular crystal formation (Arocena et al. 
submitted). In addition, verrucose ornaments on Piloderma are known to be rich in 
corticrocin (Agerer 1987-1998; Brand 1991), an organic molecule that gives Piloderma its 
color, thus further explaining the lower Ca in verrucose ornaments. The higher amounts of 
Ca and 0 in the form of Ca-oxalate in lenticular crystals would probably explain the lower 
Si, AI, Mg, Na, K, and Fe in lenticular crystals compared to verrucose and hyphae. 
3.4.4 Weathering of minerals 
The higher growth rate and contents ofK in ornaments and hyphae of Piloderma 
grown in biotite compared to the MMN2, chlorite, and microcline treatments may indicate 
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the increased mobilization ofK from biotite. Our finding is consistent with the faster release 
ofK from a phyllosillicate (mica) than from a tectosilicate (microcline) (Huang 1989; Song 
and Huang 1988). In 1 M HN03, the release of K from biotite was 118-190 times greater 
than from microcline (Huang eta!. 1968). Song and Huang ( 1988) reported K release to be 
14-18 times faster in biotite than from microcline in organic-acid solutions. In addition, 
Huang ( 1989) indicated that the Arrhenius heat of activation forK release from microcline 
requires 96.24 kJ mor1 compared to 58.66 kJ mor1 for biotite. According to the Bowen 
reaction series, minerals that crystallize at low temperatures (microcline) tend to be more 
stable and resistant to weathering than minerals that crystallize at high temperatures (biotite) 
(McBride 1994; Fanning eta/. 1989). Furthermore, K located in the interlayer of biotite is 
easily accessible to Piloderma as opposed to the K embedded in the framework structure of 
microcline. In contrast, the low levels of Mg in encrustation and hyphae of Piloderma grown 
in biotite are probably due to the inability of Piloderma to obtain the Mg bound in the 
octahedral sheets ofbiotite. Seedlings colonized by Suillus variegatus were more efficient in 
uptake ofK from biotite compared to that from microcline (Wallander and Wickman 1999). 
Boyle and Voight ( 1973) attributed the lower amounts of K in seedlings grown in microcline 
than in seedlings grown in biotite to mineral surface area. Surface area was a likely a factor 
in this study because biotite is a 2:1 type of phyllosilicate mineral that expands when 
weathered while microcline is a non-expandable framework silicate. Also, it is possible that 
K availability from biotite increases at an exponential scale when surface area increases 
during edge weathering (Scott 1968; Huff 1972; Norrish 1973). 
The weathering of chlorite released Mg as indicated by the higher amount of Mg in 
lenticular crystals and hyphae observed in chlorite compared to MMN2 treatments. However, 
the lack of K in chlorite was the probable reason for the low growth in these treatments as 
chlorite is easily weathered compared to most clays in acidic environments (Barnhisel and 
Bertsch 1989). 
3.4.5 Concluding remarks 
Piloderma grown in biotite exhibited higher growth and different morphological 
characteristics than Piloderma grown in chlorite, microcline and MMN2 treatments. The 
differences were attributed to the ability of Piloderma to efficiently obtain K from the 
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interlayer ofbiotite. The low levels ofMg, Al, Si, and Fe in all treatments might indicate 
that these nutrients are necessary micronutrients for optimal Piloderma growth. Generally, 
verrucose (0.2-1 J..Lm wide at 8-22/)..Lm) and lenticular ornaments (2-7)..Lm long at 0-2/5)..Lm) 
could be indicators of an environment where the supply of essential elements are sufficient 
for growth of healthy Piloderma. In addition, fibrillar growths and hypha! swellings could 
indicate nutrient deficient environments or soils containing little or no biotite. Supporting 
earlier studies, the high Ca and 0 found in lenticular crystals indicates that they are mainly 
composed of Ca-oxalate. 
This study elucidates that Piloderma could be· an important factor in the maintenance 
of healthy forest ecosystems. Specifically, Piloderma, may be capable of extracting large 
amounts of essential K from biotite, and supply many, if not all, of the economically 
important trees in the forests of central British Columbia. In the future, it would be 
beneficial to study Piloderma in association with conifers to determine the mechanisms by 
which Piloderma supply plant roots with K extracted from biotite. 
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Table 3.1. Composition of Melin Modified Norkrans (MMN, Marx 1969) and modified 
MMN (MMN2) dry additives and the relative amounts ofK and Mg in each of the stock 
solutions. 
Stock Stock Stock Stock Stock Stock Stock Malt Dextrose Agar- H20 
A1 A2 A3 B c D E (g) Agar (ml) 
Contents 
g/1 
CaCh 
KH2P04 10 
NaCl 0.5 0.5 
(NH4)2HP04 5 
MgS04 3 
Fe Citrate 10 
Citric Acid 10 
Thiamine 0.1 
Hydrochloride 
K 143.7 2712 146.2 
ppm ppm ppm 
Mg 0.25- <1 <1 Trace 14.79 Trace Trace 577.8 14.7 
1 ppm ppm ppb ppm ppm ppb ppm ppm 
ppm from 
Fe 
citrate 
Media 
MMN 50ml 50 ml 50ml 50ml 3 ml 1 ml 3g 10 g 12 796 
MMN2 50 ml 50 rnl 3rnl 1 ml 13 g 12 896 
1not present, ppm-parts per million, ppb-parts per billion 
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Table 3.2. Mean weight percentages for elemental composition of Piloderma ornaments and 
hyphae grown in biotite, chlorite, and microcline enriched nutrient poor (MMN2), nutrient 
deficient (MMN2), and nutrient rich (MMN) media determined by SEM-EDS. (n=3) 
Treatment c 0 Na Mg AI Si K Ca Fe 
Lenticular 
Biotite 47.5\ 40.7a\ 1.2\ 0.29\ o.3oab 0.91 , 2.7" 5.6". 0.94a 
(4.0) 1 (3.4) (0.50) (0.17) (0.18) (0.30) (2 .0) (2.3) (0.64) 
Chlorite 49.2\ 41 . rb. 2.0b 0.46b 0.34b 0.89 0.22\ 3.8bx 1.33\ 
(3.7) (3 .8) (0 .72) (0.26) (0.21) (0.27) (0.17) (1.5) (0.44) 
Microcline 49.4\ 41.0\ 2.2be 0.25a 0.24\ 0.83, 0.26bx 4 .3\ 0.58\ 
(5 .3l . (5.2) (0.53) (0 .12) (0.12) (0.40) (0.15) (2.5) (0 .25) 
MMN2 42.7 X 46.3\ 1.3\ 0.32a 0.34b 0.81 0.18bx 7.1 dx 0.91 \ 
(3 .3) (2.4) (0.44) (0 .22) (0 .20) (0 .33) (0.14) (2 .5) (0.40) 
MMN 42.9b, 39.8\ 1.1\ 0.71\ o.25ab, 0.92, 3.8\ 9.4\ 1.1\ 
(4.1) (3.4) (0.79) (0.30) (0.12) (0.27) (0.92) (2 .0) (0.40) 
Verrucose 
Biotite 54.4\ 35 .6\ 1.7\ 0.53"yz 0.39 1. 1 ab"y 3.1 a 2.0\, 1. 1 ab 
(4.0) (3.7) (0.52) (0 .34) (0 .25) (0.27) (2.2) ( 1.4) (0.84) 
Chlorite 54.6\ 38.8b"y 1.9ab 0.45a 0.43 l.Oab 0.25\ b 1.5\y 1.0 y 
(2.8) (3.0) (0.65) (0.19) (0.21) (0.33) (0.17) (0.56) (0.51) 
Microcline 54.1 "y 39.4\ 2.3b 0.25b 0.36xy 1.2ey 0.41\ 1. 1 bed Y 0.80by 
(4.9) (5.6) (0 .66) (0.13~ (0 .29) (0 .72) (0.29) (0.65) (0 .3 0) 
MMN2 51.7\ d 1.8\ 0.40a 0.36 0.91 a 0.40by b 1.1 adyz 42.7 y 0.63 y 
(3 .6) (4 .1) (0.43) (0.19) (0 .18) (0.36) (0 .17) (0.26) (0.36) 
MMN 46.9\ 37 .2a\ 2.0a\ 1.4\ 0.36y 1.2b"y 5.4\ 4.3\ 1.3"edy 
(3.3) (3 .5) (1.1) (0.56) (0.19) (0.47) (1.12) (2 .1) (0.43) 
Hyphal walls 
Biotite 53.9\ 36.6\ 1.6\ 0.46a\ 0.34 1 1 abed . xy 3.3a 1.7a, 1. 1 ab 
(3 .7) (4.6) (0.60) (0.24) (0.18) (0.26~ ( 1.8) (1.1) (0.60) 
Chlorite 53 .7a\ 38.7\ 2.3be 0.47a 0.45 0.99a 0.24bxy b 1.8\ 1.2 y 
(4.1) (4.4) (0.87) (0.37) (0.28) (0 .29) (0.18) (0.87) (0.67) 
Microcline 55 .1\ 38.2\x 2.4e 0.3 1 e 0.41 y 1.2dy 0.40\ b 0 93a 1.06 y . y 
(4.6l (5.5l (0.63) (0.192 (0.36) (0.73) (0.24) (0.88) (0.42) 
MMN2 1.5"y, 0.33e b 0.32 0.92e 0.37bz b 1.14abz 51.9 y 42.7 y 0.73 y 
(2.6) (3.1) (0.63) (0.19) (0.16) (0.29) (0.22) (0.41) (0.32) 
MMN 48.8\ 36.6\ 1.9a\ 1.2ey 0.35xy 1.1 bedxy 5.7\ 3.1 "y 1.2b xy 
(3.5) (3.5) (1.1) (0.34) (0.21) (0 .25) ( 1.5) ( 1.4) (0.40) 
Values in parentheses are standard deviations. 
For the chemical differences of ornaments and hyphae between the different treatments, 
means superscripted by the same letter (a-e) in each column are not significantly different. 
(p>0.05) 
For the chemical differences between ornaments and hyphae in similar mineral treatments, 
means subscripted by the same letter (x-z) in each column are not significantly different. 
(p>0.05) 
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Fig. 3.1. Mean daily temperature for the 110-day growth period starting at day 7. 
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Figs. 3.2 a. Petri-lid used to assure that minerals added to the center of plate were not 
dispersed over entire agar surface. b. A glass rod bent at the end was used to spread 
mineral over MMN2 agar. c. Prepared growth plate showing mineral circle and mineral 
edge markers (arrows). d. Piloderma at 16 days on biotite. e. Piloderma at 56 days 
growth growing past the biotite edge and mineral edge, markers. f. At 110 days growth 
Piloderma completely grew through plate. Outside of the mineral edge markers samples 
were taken (tapered arrows) for chemical and morphological analysis. g. Biotite, a K and 
Mg rich trioctahedral mica, showing layer structure. h. Chlorite, a Mg rich 2:1:1 layer 
silicate. i. Microcline, a K-rich feldspar, showing crystalline structure. 
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Fig 3.3a.Growth of Piloderma modeled using the logistic growth equation Growth (mm)=aM/a+(M-
a)e-kM(Days), where a=intercept, M=maximum theoretical growth, k= shape and slope in (a) biotite, (b) 
chlorite, and (c) microcline enriched nutrient poor (MMN2), (d) nutrient poor (MMN2), and (e) 
nutrient rich (MMN) growth media for the 11 0 day growth period. Approximate locations of lag (open 
arrows), exponential growth (closed arrows), and stationary phases (solid arrows) are indicated in the 
chlorite treatment. (a, M, k superscripted with similar letters a-e are not significantly different)(n=5) 
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Figs. 3.4 a-k. Scanning electron micrographs of Piloderma lenticular (arrowheads), and 
verrucose (non-tapering arrows) ornamentation, on hyphae grown in (a) biotite, (b) 
chlorite, and ( c-d) microcline enriched nutrient poor (MMN2), ( e-i) nutrient poor 
(MMN2), and (j-k) nutrient rich (MMN) growth media. c-i. Microcline and nutrient poor 
(MMN2) treatments showing characteristic fibrillar growth (tapered arrows). g. Swollen 
hyphal cell characteristic of nutrient poor (MMN2) treatment. 
1Chapter IV- Chemical and Mineral Composition of Rhizosphere Soils 
Influenced by Ectomycorrhizae in Hybrid Spruce (Picea glauca x 
engelmannii (Moench.) Voss) 
4.0 Introduction 
Biogeochemical processes in soil mineral weathering occur largely in soil 
microenvironments influenced by microorganisms where pH (Nye 1981; Marschner and 
Romheld 1983), cation-exchange equilibria (Chung and Zasoski 1994), organic carbon/acid 
concentrations (Gardner et al. 1982), metal availability (Sarkar and Wyn Jones 1982), 
monosaccharide contents (Dormaar 1988), grain-size distribution (Sarkar et al. 1979), 
moisture, and mineral composition can be different from that of bulk soils. Soil processes can 
vary considerably with respect to different microenvironments because of the diversity in 
biological associations. 
Berthelin (1983) suggests microorganismal and tree specificity with respect to the 
influence of organisms on mineral weathering. An example is in ectomycorrhizospheres or 
the soil in the immediate vicinity of ectomycorrhizal associations (Perry et al. 1987). Due to 
emanating hyphae and rhizomorphic structures, extended ectorhizosphere zones are termed 
the "mycorrhizosphere" (Molina and Amaranthus 1990; Harley 1989; Read et al. 1985; 
Tinker 1975), and more specifically the ectomycorrhizosphere. A study by Arocena et al. 
(1999), found that pH and cation exchange capacity in Abies lasiocarpa 
ectomycorrhizospheres (ECS) influenced by Piloderma (ECS-1) were different from ECS of 
Mycelium radicis atrovirens and cottony yellow brown types or where Piloderma infection 
was <2% (ECS-2). Total carbon and nitrogen contents were sigmficantly different, and 
usually followed the order ECS-1 <ECS-2< bulk soil. Hinsinger and Jaillard (1993) indicated 
that soil solution from rhizosphere of rye grass had higher concentrations of K + compared to 
non-rhizosphere, while Rygiewicz and Bledsoe (1984) and Rygiewicz et al. (1984) 
elucidated that increased uptake ofNH/ and K+ in coniferous trees was the result ofECM 
associations. In another example, Laccaria laccata inoculated on pine seedlings was 
observed to weather phlogopite to vermiculite (Leyva! and Berthelin 1991 ). Paxillus 
1 A version of this manuscript will be submitted to Geomicrobiology Journal 
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involutus and Rhizopogon luteolus were found to release the NH4 + ions trapped in the 
interlayer of vermiculite (Paris et al. 1994). In vitro Paxillus involutus can produce oxalic 
acid using bicarbonate ions (Lapeyrie 1988). H. crassum on Douglas-fir was reported to 
extract Fe and Al from andesite by supplying high amounts of oxalate (Cromack et al. 1979). 
In Swedish pine forests , hyphae of Suillus granulatus and Piloderma croceum ECM 
penetrated calcium feldspars in granitic rocks, resulting in direct flow of nutrients from the 
mineral to the plant (Jongmans et al. 1997). 
In central British Columbia (BC), Abies lasiocarpa (Hook.) Nutt. and Picea glauca x 
engelmannii (Moench.) Voss have some common ECM associations. The diversity and 
abundance of ECM fungal species on these trees are beneficial because of increased soil 
mineral weathering and nutrient allocation. In addition, ECM that colonize many species of 
plants may play variable roles with respect to mineral weathering among various tree species. 
With the exception of Arocena et al. (1999) and Arocena and Glowa (1999), few studies 
have addressed the role of common ECM in coniferous trees on mineral weathering (Fitter 
and Garbaye 1994; Grayston et al. 1996; Molina et al. 1992; Courchesne and Gobran 1997). 
Specifically, no studies have addressed the role of specific ECM in ectomycorrhizospheres of 
one of central BC's most economically important trees, hybrid white spruce. 
In this study, chemical and mineralogical properties of soils influenced by various 
species of fungi growing on roots ofhybrid white spruce, Picea glauca x engelmannii 
(Moench. Voss) were investigated to determine the role of ectomycorrhizae fungi in the 
alteration of soil properties. Specifically, soil pH, total C and N, cation exchange properties, the 
contents ofmica, chlorite, kaolinite, feldspars, 2:1 expanding clays and amorphous minerals 
were compared between soils collected from non-ectomycorrhizosphere and two 
ectomycorrhizosphere soils in the Ae horizon of a Gray Luvisol in the central interior of British 
Columbia. 
4.2 Methods 
4.2.1 Description of study area 
The study area is within the Sub Boreal Spruce Zone (Meidinger and Pojar 1991), and 
was located near the campus of the University ofNorthern British Columbia (UNBC) in 
Prince George, BC, Canada (53° 54' N 123° 49' W), approximately 790 meters above sea 
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level. The mean annual air temperature is approximately 3.3 oc with an average annual 
precipitation of 500-800 mm. This area has cold winters, with snowfall starting in late 
October and ending in late March. The soil is a Gray Luvisol with L, F, and H layers, light 
colored Ae horizons, AB horizons, and Bt horizons (Dawson 1989). Study areas are 
dominated by Picea glauca x engelmannii with varying or equal amounts of Abies 
lasiocarpa, Pinus contorta var. latifolia, and Pseudotsuga menziesii var. glauca. The under-
story vegetation is a mixture of shrubs such as thimbleberry (Rubus parviflorus ), Prince's-
pine ( Chimaphila umbellata ), wildflowers (e.g., wild sarsaparilla Aralia nudicaulis ), 
bunchberry (Cornus canadensis), and round-leafviolet (Viola orbiculata) as well as minor 
amounts of oak fern (Gymnocarpium dryopteris) and clubmosses (Lycopodium complanatum 
and L. dendroideum). 
The sampling sites was restricted to areas dominated by Picea glauca x engefmannii 
and were selected based on adequate Piloderma infection of the upper forest floor (L-H). To 
make soil sample collection convenient, sample collection was confined to areas with little or 
no understory cover. 
4.2.2 Sample collection 
Soil samples were collected from June to late October 1998 at the base of 6 to 8 
spruce trees with a 12 to 50-cm diameter at breast height. Samples adjacent to various trees, 
or trees in the same general area, were combined to obtain composite samples of non-
ectomycorrhizosphere (N-ECS), ectomycorrhizosphere A (ECS-A) and 
ectomycorrhizosphere B (ECS-B) soils. ECS-A samples were recognized during the sample 
collection by the presence of yellow Piloderwa while ECS-B samples were taken from roots 
infected with ECM other than Pifoderma. We selected Piloderma because it is commonly 
observed on hybrid white spruce and its yellow color was readily recognizable in the field . 
Each soil sample was collected at the base of each tree after the removal of the humus 
layer from a sampling area of approximately 2 x 2 m to expose the rooting zone in the 
LFH/ Ae horizon boundary. Roots were carefully selected by tracing the rootlets to the main 
roots of the white spruce. After verification that the roots were linked to spruce, roots with 
predominant Piloderma colonization (ECS-A), and roots exhibiting colonization with other 
ECM (<1% Piloderma) (ECS-B) were collected with soil attached. Non-
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ectomycorrhizosphere (N-ECS) soil was collected where rootlets and associated rhizomorphs 
were visually absent. Roots and soil were placed in plastic bags and stored at 4 oc until 
processing. Care was taken during sampling to prevent ectomycorrhizosphere soil from 
falling off the rootlets. Ectomycorrhizosphere soil was collected from the <3 mm-thick layer 
of soil that adhered to the rootlets by agitating the rootlets on a 2-mm sieve until most of the 
soil from the roots was collected. Six composite samples for each ofECS-A and ECS-B were 
analyzed for mycorrhizal colonization, physical, chemical and mineralogical composition. In 
this study, ECS-A and ECS-B as a group of ectomycorrhizosphere soils are referred to as 
ECS soils. The ECS soils were air-dried for subsequent analysis. The rootlets from ECS 
soils were stored at 4 oc until mycorrhizal assessment. 
4.2.3 Mycorrhizal assessment 
ECS-A and ECS-B root samples were assessed for ECM diversity and abundance 
according to guidelines outlined by Goodman et al. (1996), Ingleby et al. (1990) and Agerer 
(1987-1998) using bright field microscopy. Roots were placed in a glass dish (-30x 20x 5 
em), and cut into short pieces to randomize root tips. Mycorrhizal tips were then selected, 
examined microscopically, and described according to branching pattern, surface texture, 
lustre, color, mantle characteristics, emanating hyphae and other morphological properties to 
identify ECM morphotypes. Root tips. with wrinkled, brown/decayed cells were categorized 
as dead. Damaged or broken root tips were not counted. Ectomycorrhizal abundance was 
estimated until either the SOOth live mycorrhizal root tip or the 1 OOOth dead root tip was 
encountered. Proportion of colonization by each ECM morphotype was calculated. 
4.2.4 Physical and chemical analyses 
Particle size analysis was conducted on air-dried soil samples ( <2 mm in diameter), 
subjected once for three to four minutes of ultrasonic dispersion using a Braunsonic™ probe 
operated at 300-400 watts. The treated samples were suspended in a 2-liter beaker after wet-
sieving to separate the sand (50-2000!-lm) from the clay (<2!-lm) and silt (2-50!-lm) fractions. 
We separated the clay from the silt fraction by the successive dispersion/sedimentation 
technique using the principle of Stoke's Law (Sheldrick and Wang 1993). Soil pH was 
measured in a suspension of 1:1 soil:water ratio using an Orion TM pH meter. The cation 
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exchange capacity (CEC) and exchangeable cations in the soils were determined using 
NH40Ac buffered at pH 7.0 (Kalra and Maynard 1991). The amounts of exchangeable Ca
2+, 
Mg2+, K+ and Na+ were determined from the NH40Ac-extract using Inductively Coupled 
Plasma-Atomic Emission Spectrometry (ICP-AES). Six replicates of the samples were used 
in the chemical analyses. Total elemental analysis ofthe clay fractions was conducted on 
microwave-digested samples using ICP-AES, and reference soil samples from the Canadian 
Certified Reference Materials Project, identified as S0-2 and S0-3, were used as internal 
standards. 
4.2.5 Mineral composition 
The mineral composition of the clay fractions ofN-ECS and ECS soils was 
determined by x-ray diffraction using a Rigaku X-ray diffraction unit. A sample of the clay 
fraction was prepared following the paste method (Theisen and Harward 1962) for both K-
and Ca-saturated samples. TheCa-saturated clay sample was solvated with glycerol (GL Y) 
while the K-saturated sample was heated at 550 °C. Calcium and K-saturated samples were 
also scanned at ambient temperature and relative humidity. Identification of minerals in the 
clay fraction was based on the following criteria: (1) mica- 1.0 nm reflection in all 
treatments, (2) chlorite - 1.4 nm reflection in all treatments, (3) kaolinite in the presence of 
chlorite- 0.712 nm reflection that disappeared after 550 oc heat treatment ofK-saturated 
clay, and the doublet reflection at 0.357 and 0.354 nm regions, and (4) 2:1 type expandable 
clays- 1.7 nm reflection in Ca-GL Y. We estimated the amounts of mica (muscovite) from the 
total K content and chlorite from total Mg content in the clay fraction. We assumed a 98.7 g 
K kg-1 muscovite and 89 7 g Mg kg-1 chlorite based on the chemical composition 
K(Si3Al)Alz010(0H)2 for muscovite (Fanning et al. 1989), and (Mg, Fe, Al)6(SiA1)4010(0H)s 
for chlorite (JCPDS Card# 7-78). The amount of2:1 expandable clays (vermiculite and 
smectite) was estimated from CEC-Ca and CEC-K of the clay fraction following the 
guidelines of Alexiades and Jackson (1965). CEC-Ca was the CEC ofthe clay measured by 
the amount ofCa replaced by MgCh, while CEC-K was determined from the amount ofK+ 
replaced by NH4Cl after overnight heating of the K-saturated clay at 110 °C. Kaolinite 
content was estimated from a modified procedure of Warren and Dudas (1992) by 
subtracting the integrated area under 0.7 12 nm peak in the K-550 oc sample from the 
38 
integrated area ofthe same reflection inCa-saturated sample scanned at ambient condition. 
The amounts of amorphous Ah03, Fe20 3, and Si02 were estimated from Al, Fe and Si 
determined from acid ammonium oxalate (McKeague, 1967). The amount of crystalline Fe 
(as goethite- FeOOH) was estimated to be the difference between the total Fe content 
corrected for Fe in chlorite minus the Fe in ammonium oxalate extract. 
4.2.6 Statistical analysis 
Analysis of data was conducted by ANOV A using Statistica™ version 5 (Statsoft Inc. 
1995). The distribution of data was checked for normality using the Shapiro-Wilks W -test 
statistic and for the homogeneity of variance using Levene's test. Post hoc comparison of 
significantly different means was made using planned LSD test statistics. 
4.3 Results 
4.3.1 Ectomycorrhizal colonization 
The average number of root tips counted in ECS-A and ECS-B was 883 and 914, 
respectively (Table 4.1). Ofthese, 54.9% and 48.9% were considered mycorrhizal, 44.9% 
and 49.0% were dead, and 0.17% and 2.18% were considered non-mycorrhizal in ECS-A and 
ECS-B samples, respectively. Based on detailed morphological analysis, 8 ectomycorrhizal 
(ECM) morphotypes in ECS-A samples and 22 ECM morphotypes in ECS-B samples were 
characterized in our samples (Table 4.1). Ectomycorrhizal colonization was absent in N-ECS 
soils. 
In ECS-A samples, 93% of the ECM was Piloderma, 5.4% Cenococcum geophilum 
and 1.6% representing a combination of six other morphotypes (Table 4.1 ). In ECS-B 
samples, seven ECM types comprised 90.5% of all ECM: Inocybe-like was the most 
abundant (29.6%) followed by Amphinema byssoides-like morphotype (18.7%), Hebeloma-
like (13.3%), Suillus-like (11.3%), Cenococcum geophilum Fr. (9 .7%), Mycelium radicis 
atrovirens (MRA) (4.3%), and ITE 6 (Ingleby et al. 1990) (3.6%). Tuber-like morphotypes 
comprised 3.9%. Piloderma was present at 0.73% and was considerably lower than the 
amount of Piloderma found in ECS-A. Eleven other ECM morphotypes comprised <5% of 
ECM in ECS-B samples (Table 4.1). Detailed descriptions for the dominant ECM 
morphotypes are given in Table 4.2. 
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4.3.2 Physical and chemical properties 
Particle size composition of the soil samples ranged from 68-73 g kg-1 clay, 382-450 
g kg- 1 silt, and 482-550 g kg- 1 sand (Table 4.3). The contents of silt and sand fraction varied 
among samples, respectively, at 450 and 482 g kg-1 for N-ECS samples, 398 and 529 g kg-1 
for ECS-B samples, and 382 and 550 g kg-1 for ECS-A samples. The pH in ECS soils was 
significantly lower than that in N-ECS soils. Mean soil pH ranged from pH 4.1 in ECS-A to 
pH 5.1 in N-ECS soil. The contents of total C and N were significantly lower in N-ECS 
compared to ECS soils (Table 4.3). The C/N ratio also varied between N-ECS and ECS 
samples and ranged from 15.4 in N-ECS soils to 24.4 in ECS-B soils. The CEC in ECS-A 
and Bat 5.87 and 6.61cmolc kg-1, respectively, were significantly higher than N-ECS 
samples at 3.90 cmolc kg-1• The amount of exchangeable cations followed the order: 
exchangeable Ca2+>Mg2+>K+>Na+. The amount of exchangeable K+ and Na+ in ECS soils 
was significantly higher than that in N-ECS soils. The exchangeable Ca 2+ was lowest inN-
ECS soils at 2.36 cmolc kg-1 and was significantly lower than ECS-B (3.34 cmolc kg- 1) but 
not different to ECS-A (2.65 cmolc kg-1) . The base saturation(%) was significantly different 
between ECS and N-ECS soils at 67 and 88.2%, respectively. 
4.3.3 Mineral composition 
Based on x-ray diffraction (XRD) analysis, the following phyllosilicates in the clay 
fraction of all samples were identified: mica, chlorite, 2: I expandable clays, kaolinite and 
quartz (Fig. 4.1). The XRD peaks at 1.0 and 0.5 nm indicated that muscovite was the species 
of mica in the samples. The amount of mica was lowest in ECS soils compared to N-ECS 
samples and followed the order: ECS-A<ECS-B<N-ECS (Table 4.4). Chlorite content of the 
samples followed the same trend as mica but contained approximately half the content per 
kilogram of soil. The sum of2:1 expandable clays (vermiculite+smectite) was highest in 
ECS-A soils compared to ECS-B and N-ECS soils. Kaolinite was higher in the N-ECS 
samples compared to ECS samples. Two samples were not included in the quantitative 
determination of kaolinite because of the inconsistency between the quantitative estimate and 
the presence of a small doublet around 0.35nm. Theratio of the sum of2: 1 expandable clays 
over mica and chlorite was lower in N-ECS samples compared to that in ECS-A and ECS-B 
40 
samples (Table 4.4). These trends were also evident in the relative intensities of 1.7, 1.4, and 
1.0 nrn reflections in the XRD patterns of glycerol solvated clay samples (Fig. 4.2). The 
amounts of amorphous Ah03 were lowest in the ECS samples while the amount of 
amorphous Si02 was slightly lower in N-ECS samples compared to that in ECS. Geothite 
was significantly lower in ECS-A samples compared to the level in ECS-B but did not differ 
from the level in N-ECS. 
4.4 Discussion 
4.4.1 Ectomycorrhizal colonization 
In this study, Piloderma dominated the ECM in ECS-A samples, being concentrated 
in the organic and upper mineral layers, particularly in the LFH/ Ae horizons and less 
frequently in the B-horizon. This was consistent with observations in subalpine fir (Abies 
lasiocarpa (Hook.) Nutt.)(Arocena eta/. 1999) but contrary to other reports where Piloderma 
spp. was mostly confined to organic materials (Brand 1991; Goodman eta/. 1996). Brand 
(1991) indicated that Piloderma croceum is found in acidic humus, and under litter and 
moss,while Goodman eta/. (1996) indicated that Pilodermafallax was found in several 90-
440-yr-old Douglas-fir stands on Vancouver Island, in decaying wood, sometimes in 
fragmented litter, but not in the mineral soil. In this study, Piloderma was also observed to 
form associations with numerous other plant species in the study sites (Glowa, unpublished) . 
Different plant species can be compatible with the same species of mycorrhizal fungi 
(Molina eta/. 1992; Massicotte eta/. 1994), and can be connected to several plants by a 
common mycelium (Francis and Read 1984; Simard 1997). Non-plant-species specific 
mycorrhizae could be involved in the transfer of carbon (Francis and Read 1984; Brownlee et 
a/. 1983; Finlay and Read 1986), nitrogen (Amebrant eta/. 1993; Bethlenfalvay eta/. 1991), 
and phosphorus (Newman and Eason 1993; Wittinghan and Read 1982). The exact role that 
Piloderma plays when it forms inter-specific ECM associations is still largely unknown. 
Piloderma was found also to be a dominant component associated with A. lasiocarpa in 
central interior BC and could have similar roles in rhizosphere zones of P. glauca x 
engelmannii (Arocena et a/. 1999; Arocena and Glowa 1999). 
Inocybe-like, Hebeloma-like, and Suillus-like morphotypes were found in moderate 
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amounts in ECS-B and were insignificant in ECS-A samples. Inocybe lacera is commonly 
associated with Pinus spp. and Betula spp. on coal waste sites in Midlothian, Scotland and is 
considered an early-stage fungus because it colonizes tree seedlings (Ingleby eta!. 1990). 
Another early-stage fungus, He heloma spp. is reported on a wide range of young tree species 
growing in reasonably fertile brown earth soils, tree nurseries, and glasshouse potting 
composts (Ingleby eta!. 1990). In some cases, it dominates the root systems of Picea 
sitchensis (Bong.) Carr, Salix spp. and Betula spp. Fruit-bodies of Suillus spp. have been 
associated with Larix spp. (Derbsch and Schmitt 1987; Faver 1960; Kreisel 1987; Schmid-
Heckel 1988). Suillus spp. fruiting bodies are reported on calcareous soils, gypsum-rich soils, 
basaltic, and eutrophic humic soils (Kreisel 1987; Ricek 1989). 
Amphinema byssoides-like morphotype was moderately abundant in ECS-B samples 
and in trace amounts in ECS-A. Amphinema byssoides is found mainly between the duff and 
mineral soil and is known to form associations with A. lasiocarpa, Alnus viridis (Chaix) DC, 
Arctostaphylos uva-ursi (L) Spreng, Betula papyrifera Marsh, Pinus contorta Dougl, 
Populus tremuloides MichX, and Salix commutata Bebb in British Columbia (Hamiman and 
Durall 1996b ). Fruiting bodies of Amphinema byssoides have been reported to form mostly 
on decomposed wood but also on litter and humus (Kreisel 1987). 
Cenococcum geophilum was found in minor (5.4%) to moderate (9.7%) abundance in 
both ECS-A and B samples respectively (Table 4.1 ). Its dark pigmentation made it difficult 
to separate completely from ECS-A soil samples. This was similar to the findings of Arocena 
eta!. (1999) where the total abundance for Cenococcum was around 17% in rhizosphere 
samples of subalpine fir (A . lasiocarpa ). It is distributed worldwide (Trappe 1964) and 
known to form associations with A. lasiocarpa , Alnus viridis (Chaix) DC, Arctostaphylos 
uva-ursi (L) Spreng, Betula papyrifera Marsh, Pinus contorta Dougl, Populus tremuloides 
MichX, and Salix commutata Bebb ofBritish Columbia (Hamiman and Durall 1996a). 
Reports in B.C. suggest that Cenococcum exists between the forest floor and mineral soil 
(Hamiman and Durall 1996). Cenococcum geophilum was found to be similar to Piloderma 
in that as it was observed to colonize the roots of many different types of vegetation in the 
LFH/Ae boundary. 
Morphotype ITE 6 and Tuber-like mycorrhizae were found in minimal amounts in 
ECS-B soils. In Scotland ITE 6 mycorrhizae are frequently observed on 2-6 year old Picea 
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sitchensis (Bong.) Carr. seedlings growing in the nursery, 10-15 year old Pinus sylvestris L., 
Pseudotsuga menziesii (Mirb. ), and forest brown earth soils (Ingle by 1990). In Europe, 
fruiting bodies of Tuber spp. are associated with calcareous soils, humus layers (Rauscher 
and Chevalier 1995), and sandy soils (Knapp 1951 ). 
Although this study was not designed to measure fungal diversity, it indicates 
considerable variety of fungal symbionts are present in a very localized area of northern BC. 
4.4.2 Chemical properties of ECS and N-ECS soils 
The lower pH in ECS soils compared to N-ECS soils observed in this study is 
consistent with earlier reports. Cromack et al. (1979) had similar results in Douglas-fir stands 
where they reported pH 4.9 in soils colonized by Hysterangium crassum and a significantly 
lower than pH 6.1 measured in uncolonized soil. ECS soils of Abies lasiocarpa had a pH 
lower than that ofN-ECS soils (Arocena et al. 1999). Berthelin (1983) attributed the low pH 
in the mycorrhizosphere zone to oxidized inorganics (e.g., sulphur) and the production of 
organic acids (e.g., oxalic, carbonic, citric, acetic) by the activities ofECM. High rates of 
NH4 + uptake by plants (Marschner et al. 1987) could cause low pH as roots exude H+ into the 
rhizosphere soil to counteract the depleted positive charge arising from the uptake ofNH4 +. 
In addition, enhanced adsorption ofNH4 +and K+ in coniferous trees was reported to be a 
result ofECM (Rygiewicz and Bledsoe 1984; Rygiewicz et al. 1984). 
The presence of roots and the ectomycorrhizal fungi associated with them could 
account for higher amounts of total C and N in ECS soils compared to N-ECS soils. Arocena 
et al. (1999) indicated that the fungi (and other organisms) in the ECS were significant sinks 
for carbon assimilated by the host plant, and upon death contributed their biomass to the high 
contents of total C and N in ECS soils. For example, Suillus luteus (a mycorrhizal fungus) 
could use up to 30% of total C assimilated by Pinus sylvestris (Soderstrom and Read 1987) 
while Douglas-fir could reportedly allocate up to 73% of assimilated C to ECM (Fogel and 
Hunt 1983). Results in the study paralleled those found in the ECS of A. lasiocarpa where 
the total carbon and nitrogen was highest in ECS-A and followed the order: ECS-A>ECS-B> 
N-ECS (Arocena et al. 1999). In addition, root exudates of Pinus sylvestris were found to be 
higher in ECS soils than in non-ectomycorrhizosphere soils (Grayston et al. 1996). 
Because N is also a necessary component of microbial biomass (Arocena et al. 1999), 
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the relative contents of total N between ECS and N-ECS soils paralleled total C. There was 
no difference in the C and N contents in ECS-A and ECS-B soils (Table 4.3). However, 
higher total C and N in ECS-A compared to ECS-B was reported in subalpine fir 
ectomycorrhizospheres and may have been associated with high biomass per unit of root 
weight in ECS-A samples (Arocena et al. 1999). The C/N ratios differed significantly 
between ECS and N-ECS soils (Table 4.3) and were similar to those results found in 
subalpine fir where ECS-A had the highest C/N ratio and followed the order: ECS-A>ECS-
B>N-ECS (Arocena et al. 1999). In all samples, the C/N ratio were close to the threshold of 
20: 1 indicating higher mineralization rates compared to fresh organic matter with C/N ratio 
between 40:1-100:1 (Myrold 1998). 
Since clay contents in N-ECS and ECS samples were similar, the higher CEC in ECS 
so"ils compared to N-ECS soils could be attributed to higher amounts of organic matter due to 
different degrees ofECM colonization as suggested by Arocena et al. (1999) (Table 4.3). As 
organic carbon increases, the CEC will also increase due to the negative charge associated 
with organic matter. Total carbon and CEC were highest in ECS soils and paralleled the 
findings by Arocena et al. (1999) in A. lasiocarpa. The slight difference in CEC between 
ECS-A and ECS-B could be attributed to the C content ofECS soils as well as the pH 
because organic matter has pH-dependent charge. The lower pH found in ECS-A soils could 
have caused slightly lower CEC compared to ECS-B but the difference in CEC was more 
likely attributed to the increased amounts of organic matter in ECS-B soils (Table 4.3). ECS 
soils with higher amounts of 2:1 type clays compared to N-ECS soils could also explain the 
high CEC. 
4.4.3 Mineral composition of ECS and N-ECS soils 
The lower amounts of mica and chlorite in ECS soil compared to N-ECS soil may 
indicate different rates of mineral weathering between ECS and N-ECS soils. This is 
consistent with the findings of Arocena et al. (1999) where there were significantly lower 
amounts of mica and chlorite in ECS samples compared to N-ECS of A. lasiocarpa. These 
findings also corroborate other studies (e.g., April and Keller 1990; Hinsinger et a!. 1992; 
Kodama et a!. 1994; Courchesne and Go bran 1997). The slightly higher ratios of the sum of 
2:1 expandable clays over mica, and chlorite in ECS soils compared to N-ECS (Table 4.4) 
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may indicate a transformation of mica and chlorite to 2:1 expandable clays as suggested 
earlier by Arocena et a!. ( 1999). The high rate of mica and chlorite weathering to 2: 1 
expandable clays was also indicated by the higher amounts of exchangeable K+ and Mg2+ in 
ECS compared to N-ECS soils. The higher amounts of exchangeable K+ and Mg2+ could stem 
from the breakdown of muscovite and chlorite, respectively. These results are consistent with 
those of Arocena et al. (1999) and suggest that common ECM (e.g. Piloderma spp., 
Cenococcum geophilum, MRA) associated with A. lasiocarpa rhizospheres are inducing 
similar effects on mineral weathering in ECS of hybrid white spruce in central interior BC. 
Although early reports on high rates of mica and chlorite weathering were mostly for the 
rhizosphere of agricultural crops, the weathering mechanisms may also have been operative 
in the rhizosphere of trees even though they involved different groups of fungi (vesicular 
arbuscular mycorrhizae & ectomycorrhizae) (Arocena et al. 1999). In rhizosphere zones, 
both physical and chemical processes increase rates of mineral weathering. The pressures 
exerted by growing roots and associated fungal hyphae could mechanically alter minerals by 
causing realignment, bending, and fracturing (April and Keller 1990). In addition, Robert and 
Berthelin (1986) showed micrographs ofhyphae probing between mica flakes to extract 
essential K+. In many studies, root-induced release of interlayer K+ was the main reason for 
the high rates of chemical weathering in rhizosphere zones (Hinsinger et al. 1991; Hinsinger 
et al. 1992; Hinsinger and Jaillard 1993; Kodama et al. 1994). The formation ofvermiculite 
(a weathering product of mica) is usually caused by the release ofK+ from mica (Fanning et 
al. 1989) and can take place within a few days (Hinsinger et al. 1992). Primarily, whenever 
the uptake ofK+ by plant roots was greater than the release ofK+ from the mica, the release 
ofK+ from mica was enhanced (Arocena et al. 1999). The formation of vermiculite from 
phlogopite (a mica species) in the rhizosphere was found when the K+ concentration fell 
below 80 11mol dm-3 (Hinsinger and Jaillard 1993). The complete dissolution of the mica 
lattice could elucidate another pathway of mica weathering in the rhizosphere (Hinsinger and 
Jaillard 1993). 
Higher rates of mineral weathering, as seen by the lower amounts of mica, chlorite, 
and kaolinite in ECS samples, could be attributed to the larger amounts of organic acids in 
rhizosphere zones. There was a significant increase in the amount of carbon in ECS samples 
compared to N-ECS soils (Table 4.2). As suggested by Arocena et al. (1999), the increase in 
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carbon could have been a result of organic acids. Organic acids have been found at higher 
levels in rhizosphere soil than in bulk soil (Grierson 1992; Griffiths et al. 1994). In addition, 
concentrations of organic acids may be high in the micro-environments around fungal hyphae 
(Ochs eta!. 1993; Drever and Vance 1994). Griffiths et al. (1994) indicated that Gautieria 
monticola, an hypogeous ectomycorrhizal fungus which produces large amounts of oxalic 
acid, weathers soil minerals. Both citric and oxalic acid are involved in the dissolving of 
feldspars (Manley and Evans 1986). Organic acids (e.g., oxalic, citric) produced by ECM in 
rhizosphere soils could initiate the removal of the hydroxide sheet from chlorite (Arocena et 
al. 1999). Direct removal ofMg2+ from the hydroxide sheet by the action of fungal hyphae 
such as those from Piloderma, is also a possible pathway in the weathering of chlorite 
(Arocena et al. 1999). Oxalate produced in ECM is an active agent of mineral weathering 
because of its high complexing capability (Robert and Berthelin 1986; Lap eyrie 1988). For 
example, the ECM system of Hysterangium eras sum in Douglas-fir produced high amounts 
of oxalate to extract the Fe and Al from andesite (Cromack et al. 1979). Similarly, Watteau 
and Berthelin (1994) studied the mycorrhizal fungus Suillus granulatus and found that the 
fungus produced malic and citric acids which released iron from biotite. In this study, ECS-
B samples had approximately 11% Suillus spp. and could have had an influence in ECS-B 
samples. In a related study (data not shown), we found that verrucose and globular ornaments 
in ECM appear to be crystals of metal-oxalate complexes. 
4.4.4 Concluding remarks 
This study elucidates that soil properties such as total C, total N, pH, cation exchange 
capacity, and exchangeable cations are different in ectomycorrhizosphere soils (ECS) 
compared to non-ectomycorrhizosphere soils (N-ECS). Total C and N were higher in ECS 
soils than N-ECS soils. Soil pH was ten times lower in ECS soils and followed the order 
ECS-A<ECS-B<N-ECS, and could be a result of the higher microbial activity in ECS soils. 
The cation exchange capacity as well as exchangeable Ca2+, Mg2+,K+, and Na+ were higher in 
ECS soils and followed the order Ca2+>Mg2+>K+>Na+. The high cation exchange capacity in 
ECS soils was most likely the result of high total organic matter, which has a high amount of 
pH-dependent charge. No differences in the chemical composition were found between 
Piloderma-dominated (ECS-A) soils and soils that were dominated by Inocybe-like, 
46 
Amphinema byssoides-like, Hebeloma-like, and Suillus-like (ECS-B) fungi . This may suggest 
that there is no difference in biological activities of various ECM morphotypes in hybrid 
white spruce. Results of our chemical analyses of ECS soils paralleled those found in A. 
lasiocarpa (Arocena et al. 1999) and could suggest that the ECM are exhibiting the same 
processes interspecifically. 
Although there was no significant difference in the amounts of mica, chlorite, 
kaolinite, and 2:1 expandable clays between ECS and N-ECS soils, these trends do support 
the findings by earlier workers (Arocena et al. 1999; Kodama et al. 1994; Hinsinger and 
Jaillard 1993; Hinsinger et al. 1991; Hinsinger et al. 1992; April and Keller 1990). Mica, 
chlorite, kaolinite, and FeOOH (goethite) were lower in ECS soils compared to N-ECS soils . 
The ratios of vermiculite plus smectite over mica and chlorite indicate that weathering of 
mica and chlorite may have occurred in ECS soils. This may be especially true in ECS-A 
where the vermiculite and smectite were higher compared to ECS-B and N-ECS. Weathering 
of the minerals may have been a result of organic acids released by mycorrhizal fungi as 
organic carbon contents were significantly higher in ECS soils than N-ECS soils. No 
differences were seen in the rate of mica and chlorite weathering between the two ECS 
samples tested. 
Unforeseen problems associated with this project may have included the local 
variations in soil make-up (sand, silt and, clay) which can occur within a few meters and the 
difficulty to locate and collect Piloderma ectomycorrhizospheres (ECS-A) on spruce roots. 
In order to successfully show the differences between the two ECS soils, one must be sure 
that all samples used come from soil with the same physical properties (sand, silt, clay). In 
the future, studies will be needed to address the efficiency of each individual ECM morphotype 
in extracting specific exchangeable cations from specific minerals. This has significant 
implications for tree nutrition as soils with high CEC and high amounts of exchangeable cations 
are considered fertile soils, able to supply trees with essential nutrients. 
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Table 4.1. Mean abundance (%) of ectomycorrhizae present in the ectomycorrhizosphere A 
(ECS-A) and B (ECS-B) samples for hybrid white spruce. (n=6) 
Ectomycorrhizae 
Amphinema byssoides-like 
Brown, finely grainy 1 
Brown, finely grainy 2 
Cenococcum geophilum Fr. 
E-strain 1 
Hebeloma-like 
Hysterangium-like 
Inocybe-like 
ITE.6-like 
Lactarius-like 
Leccinum-like 
Mycelium radicis atrovirens (MRA) 
Piloderma 
Russula-like 1 
Russula-like 2 
Suillus-like 
Tan brown, finely grainy 
Tomentella-like 1 
Tomentella-like 2 
Tuber-like 1 
Tuber-like 2 
Tuber-like 3 
Number of root tips counted per sample 
Percentage of mycorrhizal tips per sample 
Percentage of dead tips per sample 
Percentage of non-mycorrhizal tips per sample 
z Values in parentheses are standard deviations 
Y represents absence of ectomycorrhizae 
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ECS-A 
0.10(0.24f 
_Y 
5.43(1.78) 
0.40(0.98) 
0.17(0.40) 
0.20(0.31) 
0.65(0.69) 
93 .0(1.74) 
0.10(0.24) 
883(94.7) 
54.9(9.37) 
44.9(9.72) 
0.17(0.41) 
ECS-B 
18.7(20.33) 
0.24(0.58) 
0.57(1.17) 
9.73(5 .01) 
0.05(0.12) 
13.3(9.07) 
1.64(3.59) 
29.6(24.93) 
3.64(3.60) 
0.16(0.40) 
0.20(0.48) 
4.26(5 .06) 
0.73(0.96) 
0.30(0.75) 
0.50(0.80) 
11.3(20.35) 
0.08(0.18) 
0.95(1.43) 
0.16(0.40) 
1.09(1.30) 
1.03(1.36) 
1.81(4.33) 
914(61.0) 
48.9(7.46) 
49.0(8.82) 
2.18(3 .38) 
Table 4.2. Morphological descriptions of the dominant ectomycorrhizae of hybrid white 
spruce in Ae horizon of Luvisol. 
Ectomycorrhizae Branching pattern, Mantle characteristics, outer Emanating hyphae (EH), 
surface texture, lustre, mantle (OM)- inner mantle mycelial strand (MS), 
color (IM) C:rstidia (C) 
Amphinema Irregularly branched All cells turning distinctly EH abundant, 2.5-3.5 !-lil1 
byssoides-like to monopodia! yellow in 10% KOH, mantle wide, white-yellow to dull 
pinnate, felty to thickness variable; OM felt-net yellow/brown, smooth to 
cottony, matte to prosenchyma, hyphae smooth verrucose, clamped septa, 
reflective, white-dull to finely verrucose, 2.5-4 !-lil1 H-shaped anastomoses 
yellow/brown wide, large clamped septa; IM with clamp, frequently 
net prosenchyma to branched; MS abundant, 
synenchyma, hyphae smooth, loose to smooth-
2.5-5 !-lil1 wide, septa not undifferentiated, hyphae as 
clamped perEH 
Cenococcum Single to monopodia! Mantle 5-25 !-lil1 thick; OM net EH common, straight, 
geophilum Fr. pinnate (rare), finely synenchyma, hyphae 4-7 f..lm thick walls, 3-6 flm wide, 
to coarsely grainy, wide, with distinct "stellar" septate, smooth, dark 
shiny, black pattern ; IM net synenchyma, brown-black; MS not 
hyphae 1-4 f..lm observed 
Hebeloma-like Monopodia! pinnate, Mantle 5-30 flm thick; OM net EH common, straight, 2-6 
cottony, matte to prosenchyma, hyphae 3-6 flm, !-lil1 wide, white, verrucose 
reflective, white to common clamped septa, medium ornamentation, 
slightly brown/white common enlarged junctions; common clamped septa, 
IM net synenchyma, hyphae 2- H-shaped anastomoses 
6 flm , no septa without clamp, hyphae 
stain blue with toluidine 
blue; MS loose-smooth-
undifferentiated, hyphae as 
per EH; No C observed 
Hysterangium-like Monopodia! pinnate, Mantle 10-25 flm thick; OM EH rare, 2.5-4 flm wide, 
wooly, reflective, felt-net prosenchyma, hyphae large crystalline 
white 2.5-4 flm thick, druse-like ornamentation, common 
ornamentation, common clamped septa; MS as per 
clamped septa; IM net EH; No C observed 
prosenchyma to net 
synenchyma, hyphae 2-4 1-1m , 
no ornaments, common 
undamped septa 
lnocybe-like Not branched, smooth Mantle 10-20 flm thick; OM EH uncommon ; MS and C 
to finely grainy, matte felt-net prosenchyma, hyphae not observed 
to shiny, tan brown 0.5-3 flm wide, oil-like bodies, 
common septa, swollen/ 
enlarged junctions and multi-
septate hyphae; IM net 
synenchyma, hyphae 1-2 flm , 
oil like bodies, common seEta 
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ITE.6-Iike Single, smooth, shiny, Mantle 8-15 IJlil thick; OM net EH rare to common, 
brown to tan brown synenchyma, hyphae 1-3 1-1m hyphae 3-4 !-liD, common 
wide, distinct hypha) cells that crystalline to verrucose, 
stain pink to bright pink in common clamped septa, 
toluidine blue (that give rise to anastomoses contact 
emanating hyphae); IM net without clamp; MS and C 
synenchyma, hyphae 1.5-3 1-1m not observed 
wide 
Mycelium radicis Single, finely grainy Mantle I O-I5 IJlil thick; OM EH common, 2-3 !-liD wide, 
atrovirens (MRA) to slightly felty , net prosenchyma with typically finely verrucose, septate, 
shiny, black/dark inflated outer hypha! cells, brown/black, no clamp; 
brown, root apex hyphae I-5 IJlil wide; IM net MS and C not observed 
sometimes hyaline synenchyma, hyphae 2.5-3 IJlil 
wide 
Piloderma Irregular systems, Mantle 10-40 IJlil thick; OM EH abundant, 3 IJlil wide, 
coarsely felty, matte, felt prosenchyma, finely bright yellow, verrucose, 
bright yellow verrucose to crystalline, septate, H-shaped 
hyphae 2.5-3 IJlil wide, septate; anastomoses with septa, no 
IM net prosenchyma, hyphae clamps; MS numerous , 
1.5-2.5 IJlil wide strand hyphae as per EH 
Suillus-like Single to monopodia! Mantle 10-40 IJlil thick; OM EH abundant, 2-4 IJlil 
pinnate, cottony, net prosenchyma, medium to wide, none to rare 
reflective, white to large crystalline/needlelike medium to large 
dull white to golden ornaments, hyphae 2-4 1-1m crystalline, needlelike 
yellow wide, septate; IM net ornaments, septate, H-
synenchyma, hyphae 2-3 1-1m shaped anastomoses 
without clamp, no 
clamps; MS numerous, 
smooth undifferentiated, 
strand hyphae as per EH 
Tuber-like I Single monopodia! Mantle I5-30 1-1m thick; OM EH rare to common, 3-6 
pinnate, felty, matte, non-interlocking to 1-1m wide, clamped septa; 
cream yellow/gray interlocking irregular to regular NoMS and C 
synenchyma, hyphae 3-42 1-1m 
wide; IM net synenchyma, 
cells 2-9 1-1m wide 
Tuber-like 2 Single to monopodia! Mantle I5-30 1-1m thick; OM EH and MS absent; C 
pinnate, felty , matte, non-interlocking to common, bristle-like to 
cream yellow/gray interlocking irregular awl shaped, 40-300 1-1m 
synenchyma, hyphae 5-17 !-liD long, apex width 2-3 !-liD, 
wide; IM net synenchyma, medial width 2-5 1-1m wide, 
cells 3-4 1-1m wide basal width 4-6 1-1m , wall 
thickness 1-1.5 1-1m 
Tuber-like 3 Single to monopodia! Mantle I5-30 1-1m thick; OM EH and MS absent ; C rare 
pinnate, felty, smooth, interlocking irregular to common, bristle-like to 
matte, tan brown synenchyma, hyphae 3-6 1-1m awl shaped, 20-100 IJlil 
wide, possibly oil like bodies; long, apex width 1-2 IJID , 
IM net synenchyma, cells 1-3 medial width 1-21-lm wide, 
[;!ID wide basal width 2-4 [;!ID 
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Table 4.3. Mean values for physical and chemical properties of two ectomycorrhizosphere 
(ECS-A and ECS-B) and non-ectomycorrhizosphere (N-ECM) soils ofwhite spruce. (n=6) 
Soil Properties ECS-A ECS-B N-ECM 
Particle Size Dist. (g kg-1) 
Sand 550 (112)z 529 (80) 482 (92) 
Silt 382 (92) 398 (65) 450 (73) 
Clay 68 (21) 73 (16) 68 (20) 
pH 4.11a (0.13) 4.26a (0.15) 5.lb (0.17) 
Total Carbon (g kg-1 soil) 19.7a (4.29) 21.3a (6.44) 6.05b (1.32) 
Total Nitrogen(g kg-1 soil) 0.85a (0.14) 0.87a (0.17) 0.39b (0.06) 
CIN ratio 23 .1a (2.21) 24.4a (5 .63) 15 .4b (1.99) 
CEC (cmolc kg- 1 soil) 5.87a (1.10) 6.61a (0.83) 3.90b (0.61) 
Ex. Cations (cmolc kg-1 soil) 
Ca 2.65ab (0.67) 3.34a (0. 76) 2.36b (0.69) 
Mg 0.84 (0.24) 1.11 (0.27) 0.78 (0.34) 
K 0.29a (0.06) 0.32a (0.04) 0.17b (0.04) 
Na 0.12a (0.03) 0.12a (0.02) 0.07b (0.01) 
Base saturation (%) 67.la (11.6) 67.8a (7.9) 88.2b (16.3) 
zy alues in parentheses are standard deviations. 
a-c Across each row, means followed by the same letter are not significantly different. 
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Table 4.4. Mean contents (g kg·') of selected phyllosilicates and oxides in clay fraction in 
non-ectomycorrhizosphere (N-ECM) and ectomycorrhizosphere soils ofwhite spruce. (n = 
6) 
Minerals ECS-A ECS-B N-ECM 
Mica 177.5 (12.6)z 181.6 (18.1) 194.3 (23.4) 
Chlorite 99.4 (25 .9) 102.9 (32.5) 103.2 (30.9) 
KaoliniteY 43.7 (25.4) 40.7 (32.2) 69.5 (67.3) 
Amor. Ah03 2.18 (0.57) 2.48 (0.55) 3.09 (0.71) 
Amor. Fe203 3.49 (0.27) 4.63 (0.96) 3.91 (1.28) 
Amor. Si02 1.01 (0.18) 1.00 (0.10) 0.86 (0.14) 
FeOOH# 14.9a (1.70) 18.1b (2.42) 17.8ab (0.54) 
Vt+Sm 104.6 (10.3) 94.2 (7.00) 94.6 (21. 7) 
(Vt+Sm)/Mi 0.56 (0.04) 0.55 (0.08) 0.48 (0.09) 
(Vt+Sm)/Ch 1.13 (0.37) 1.07 (0.42) 1.03 (0.47) 
Vt =Vermiculite, Sm =Smectite, Mi=Mica; Ch =Chlorite;# FeOOH (goethite)- assumed as 
the dominant crystalline Fe oxide 
Across each row, means superscripted with similar letters are not significantly different. 
z values in parentheses are standard deviations. 
Yn=4. 
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Fig. 4.1. X-Ray diffraction patterns of the clay fraction ofECS-B sample subjected to four 
pre-treatments showing the relative intensities ofthe 1.7-, 1.4-, 1.0-, .71 -, .42-, .35-, and .33-
nm reflections. 
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Fig. 4.2. X-Ray diffraction patterns of Ca-saturated and glycerol-solvated clay fractions of 
ECS-A, ECS-B, and N-ECS samples showing the relative intensities ofthe 1.7- and 1.4-nm 
reflections. 
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Chapter V - Conclusion and Recommendation 
In vitro and field studies strongly suggest that Piloderma plays a large role in 
weathering of soil minerals to provide essential nutrients for the growth of Picea glauca x 
engelmannii.Piloderma grown in biotite exhibited higher biomass and different 
morphological characteristics than Piloderma grown in chlorite, microcline and MMN2 
treatments. The vigorous growth in biotite medium was attributed to the ability of Piloderma 
to efficiently obtain K from the interlayer of biotite compared to Kin the framework 
structure of microcline. The lower density of lenticular ornaments in nutrient-poor media 
compared to biotite and MMN media could be used as indicators for unhealthy environments. 
Another possible indicator forK-deficient growing medium could be the frequent fibrillar 
growths and hypha! swellings in Piloderma observed in nutrient-poor MMN2 medium. In 
the field study, the chemical and mineralogical properties of ectomycorrhizosphere soils were 
different to that of bulk soils and suggest that different ECM systems might be involved in 
mineral weathering. The high exchangeable Kin ECS-A and ECS B soils may indicate that 
Piloderma and other ECM may be involved in weathering of mica and the release of 
interlayer K. Contents of mica, chlorite, kaolinite, and FeOOH were lower in 
ectomycorrhizosphere soils compared to bulk soils, and these findings corroborate earlier 
reports (Arocena et al. 1999; Kodama et al. 1994; Hinsinger and Jaillard 1993; Hinsinger et al. 
1991; Hinsinger et al. 1992; April and Keller 1990). Vermiculite and smectite (secondary 
weathering products of mica) were higher in ECS-A (Piloderma-dominated) soils compared 
to ECS-B (<1% Piloderma colonization) soils, and supporting the results from in vitro 
studies suggesting the ability of Piloderma to induce accelerated rate of biotite weathering. 
The findings from this thesis illustrate the importance of ectomycorrhizal s~, <"~ ,:::ms in 
soil formation, particularly the transformation of common soil minerals. One of the possible 
applications of the knowledge that Piloderma can weather biotite more efficiently as source 
of potassium could be the need for Piloderma inoculation of coniferous seedling prior to 
planting in a potassium-deficient environment. Although our in vitro studies strongly 
suggest more efficient weathering of biotite over microcline and chlorite by Piloderma, the 
field situation might have different outcomes due to the influence oftree roots, competition 
from other fungi, and environmental factors such as moisture content and temperature. The 
presence of organic ligands in soil water and root exudates might also influence fungal-
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mineral preference. 
In the future, studies are needed to establish the exclusive role of Piloderma in the 
ectomycorrhizosphere of spruce. This could be done through controlled experiment (e.g., 
greenhouse) where spruce trees growing in biotite, chlorite and microcline will be 
exclusively infected with Piloderma. Because of the wide diversity of ectomycorrhizae in 
forest ecosystems, in vitro and greenhouse studies will also be needed to elucidate specific 
roles of other common ECM, particularly Cenococcum geophilum Fr., Amphinema 
byssoides-like, and MRA that are known to colonize economically important trees in British 
Columbia. Also, it will be important to investigate the mineralogy of minerals used in this 
study to elucidate the role of ECM in the formation of vermiculite and smectite in ECS soils 
observed in the field study. 
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